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S u m m a r y
The response of samples of unidirectional and cross-ply Nicalon™ fibre-reinforced 
calcium aluminosilicate (CAS) to a variety of thermal regimes has been examined 
using microscopy techniques and retained mechanical property measurements. 
The degree of matrix damage has been investigated by observation and 
measurement of cracking features and the results used in simple models in order 
to relate the occurrence of matrix cracking to stress distributions in the laminates.
Thermal shock induced matrix crack damage was first seen to appear on the end 
faces of the unidirectional [0]16 laminate at a temperature differential of 400 °C 
and in the transverse plies, parallel to the longitudinal fibre direction, in the 
[0/90]3s cross-ply composite at a temperature differential of 350 °C. At more 
severe thermal shocks the next damage in both laminates was cracking in the 
matrix perpendicular to the fibre direction. The density of matrix cracking was 
seen to increase, initially, with increasing severity of thermal shock, but then to be 
less extensive at the highest temperature differentials (800 °C) used in this study. 
Crack density data for the unidirectional material at increasingly severe thermal 
shocks were compared with literature data for cracking under quasi-static loading 
using a simple thermal shock analysis incorporating a stress reduction factor. The 
effect of matrix cracking on retained mechanical properties has been examined 
by means of three-point flexure testing and values for Young's modulus, onset of 
non-linear behaviour and retained strength of the composites have been 
determined. Multiple thermal shock tests indicated that thermal treatment of 
previously cracked samples accelerated the rate of deterioration in the retained 
properties of the composite. It was proposed that the response of the samples to 
changes in the duration and severity of thermal treatments was consistent with 
interfacial modifications that have been reported to occur in this composite system 
at elevated temperatures.
The suitability of applying a modified ACK model to predict critical temperature 
differentials for matrix cracking in the unidirectional laminate and longitudinal 
plies in the cross-ply composite has been tested. This approach combined applied 
thermal stresses, calculated using the simple thermal shock formula, with residual 
stresses, obtained from the model proposed by Powell et a l (1993). This method 
was found to be valid for the unidirectional material providing that some of the 
key parameters were determined independently. The use of a tunnelling crack 
model to predict thermal shock induced matrix cracking in the transverse plies of 
the cross-ply composite was less successful. This was partially attributed to the 
observed cracking patterns generated in the cross-ply material by flexure tests not 
conforming to those expected from stress calculations or reported from tensile 
tests.
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Ek Kinetic energy of electrons
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rm Matrix fracture energy
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AT Temperature differential
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V Poisson’s ratio
o Applied stress
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C h a p t e r  1  
Introduction
1.1 PROJECT BAC K G R O U ND
One of the driving forces for the development of ceramic matrix composites has 
been the wish to increase the efficiency of gas turbine engines. Although a 
complex engineering structure, the gas turbine operates on simple principles. Air 
is compressed, passed into a combustion chamber, where it combines with burning 
fuel, and the resulting hot gases are ejected through a series of turbines in order 
to produce thrust. The efficiency of the process is governed by the maximum 
operating temperature of the gas turbine, hence the desire to increase the 
elevated temperature capability of the turbine components. An additional 
impetus for the development of these materials is the possibility of weight saving; 
even a small reduction in engine weight may provide significant economic benefits.
Metallic materials have been traditionally used for gas turbines with early 
components being made of steel or aluminium. These have been superceded, 
gradually, by nickel-based alloys with higher temperature capabilities or by 
aluminium-lithium or titanium alloys of lower density and greater specific strength. 
Clearly, there is a limited temperature capability of these materials and the use 
of thermal barriers or even single crystals will not increase their use temperature 
sufficiently to meet future targets.
Two prime requirements for the next generation of turbine components are,
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therefore, high temperature stability and low density. A  group of materials 
capable of fulfilling these criteria is ceramics. However, monolithic ceramics 
suffer from the propensity to fail in a brittle, catastrophic manner. Attention has 
been focused on the development of new materials and one group is glass-ceramic 
matrix composites, containing reinforcing fibres that remain stable at elevated 
temperature. These materials do not possess the high temperature capabilities 
of ceramic matrix composites but are easier to process and exhibit "pseudo­
plasticity". The study of this novel group of materials may provide, therefore, an 
insight to a possible route to improving the performance of gas turbines intended, 
primarily, for application in the aerospace industry.
Considerable research has been undertaken on the room temperature properties 
of these materials and their elevated temperatures performance has also been 
examined but, there appear to be very few reports of research on retained 
properties after thermal cycling. If these materials are to be used in gas turbines 
they will, inevitably, be subjected to thermal cycling of which thermal shock is 
expected to form part of the regime. In view of the importance of thermal shock 
the aim of the present project is to increase the understanding of the processes 
taking place during the various stages of the thermal cycle. Investigations into the 
effect of thermal treatments on continuous fibre-reinforced unidirectional and 
cross-ply glass-ceramic matrix composites will be performed using observational 
techniques and retained mechanical property measurements. Generic models will 
then be considered to describe the observed behaviour. These are based on a 
simple model for thermal shock of monolithic ceramics and models for damage 
in composites under mechanical loading.
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1.2 THESIS O U T LIN E
Following the Introduction, Chapter 2 of this thesis provides an overview of the 
literature relating to the development of ceramic matrix composites, the response 
of monolithic ceramics and fibre-reinforced ceramic matrix composites to thermal 
treatments and finally, matrix cracking in composites.
Thermal treatments are likely to modify the microstructure of the materials hence, 
characterisation of the microstructure of the as-received materials is reported in 
Chapter 3. A description of the experimental techniques employed in this project 
is also presented in this chapter. A  study of the effects of thermal shock and 
thermal ageing on a monolithic ceramic, and various composite configurations of 
this ceramic reinforced with silicon carbide fibres, is presented in Chapter 4. 
Simple analytical models describing the observed material behaviour are also 
considered in this chapter. In service the composites will be subjected to both 
thermal and mechanical stresses, hence, the effect of thermal treatment on the 
retained mechanical properties of the composite materials, investigated by means 
of three-point flexure testing, is considered in Chapter 5. In Chapter 6 the data 
from flexure and thermal shock tests are used to test the validity of models for 
determining cracking thresholds of these materials when subjected to thermal 
shock in oxidising environments.
Conclusions drawn from the work undertaken in this project and suggestions for 
further work are presented in Chapter 7.
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Literature Review
2.1 IN T R O D U C TIO N
There are numerous factors that control the mechanical properties of fibre- 
reinforced CMCs. These include the properties of the constituents (fibre and 
matrix), their chemical compatability and the processing route. Modifications to 
the integrity of the composite by exposure to externally applied stresses, or a 
particular thermal/chemical environment, may reduce the suitability of these 
materials for some specific applications. A number of these important aspects of 
CMCs have been considered in a series of review articles. Some of these are 
cited below by way of general background before focussing in detail on the 
literature relevant to the present study.
Composite developments for high temperature applications, specifically fibre 
properties and thermomechanical properties of composites, were discussed by 
Mah e t  a l  (1987) where some of the technical issues that needed to be addressed, 
e.g. fibre coating, were also cited. One area that has been studied extensively is 
the role of the fibre-matrix interphase and several reviews have considered this 
important topic (Kerans e t  a l , 1989; Lewis and Murthy, 1991 and Evans e t  a l ,  
1991).
The use of ceramics for engineering applications has been limited by their 
inherent brittleness. The application of a fracture mechanics approach in trying 
to determine damage resistance has led to the development of high toughness
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CMCs. Progress in this field, especially pertaining to toughening mechanisms, has 
been reviewed by Evans (1990). This same author and a co-worker (Evans and 
Zok, 1994) have also provided a comprehensive compilation of aspects of the 
mechanical and structural behaviour of brittle matrix composites. The review 
provided information on the current status of theoretical and experimental studies 
on, for example, stress-strain behaviour, fatigue and creep. Another consideration 
when dealing with a new class of materials is the development of testing 
methodology. One of the preferred techniques is flexure testing, due mainly to 
relatively simple fixture and specimen geometries. In a review by Quinn and 
Morrell (1991) the merits of a number of flexure testing configurations were 
compared and the usefulness of flexure data in designing with engineering 
ceramics was assessed.
Although ceramic composites have only been studied in depth comparatively 
recently, there is already a substantial body of literature and to review all this 
material is beyond the scope of the current study. The intention is, therefore, to 
try to identify those aspects which are likely to be relevant to the present study 
concerning the effect of thermal shocks and other thermal treatments on 
unidirectional and cross-ply CMCs.
In section 2.2 of this review the development of the material used in this study is 
discussed. The aim is to show how the material evolved and to demonstrate how 
processing or subsequent heat treatment determines the microstructure.
Thermal shock behaviour is considered in the next section. The review 
concentrates on an understanding of the process gained from investigations on
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monolithic ceramics, since there is only a limited amount of literature available on 
the effect of thermal shock on fibre-reinforced CMCs, especially cross-ply 
laminates.
The review concludes with an examination of the literature relating to cracking in 
unidirectional and cross-ply fibre-reinforced CMCs, since this is likely to be an 
important damage mechanism under thermal loadings. Matrix cracking due to 
mechanical loading has been well documented for both systems. There is, 
however, a lack of literature pertaining not only to matrix cracking under thermal 
shock but also the effect of thermal treatments on the behaviour of materials 
under subsequent mechanical loading.
2.2 DEVELOPMENT OF CERAMIC MATRIX COMPOSITES
2.2.1 TOUGHENING MECHANISMS
2.2.1.1 Background
The tendency of materials to fracture when stressed beyond a critical level was 
appreciated by structural engineers in the nineteenth century. However, engineers 
gradually became aware that the critical value was not constant for all situations 
and that external factors, e.g. environment, temperature or loading rate could 
influence the fracture strength to a large degree. Initial theories were unable to 
take account of these factors and it was early this century before a significant 
breakthrough was made by Griffith (1920). Theoretical analyses of flaws in 
materials were performed using an energy balance approach to equate the 
decrease in stored elastic energy, as a crack extended across a plate due to
6
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applied tensile forces, with an increase in surface energy, due to the formation of 
the new crack surfaces. For an elliptical crack of length 2c, perpendicular to a 
tensile force in a thin plate, an expression was formulated for the fracture strength 
(o f) as:
where E is Young’s modulus and 2y is the surface energy of the new faces.
A  second, fracture mechanics, approach by Irwin (1958) was to consider the stress 
intensity at the tip of a crack. The stress intensity factor, IC, was related to the 
stress in a plate (o ) by the relationship:
where Y  is a parameter determined by the specimen and crack geometry.
At a critical value of IC, corresponding to the fracture toughness of the material 
(K IC), fracture occurs, so that the failure stress is given by:
Monolithic ceramics fail by fracture (rather than by yielding) in accordance with 
equations (2.1) and (2.3), with the failure stress being governed by the- largest 
flaw. There are, therefore, two approaches to increasing the strength of ceramic 
materials - either by reducing the flaw size or increasing the fracture toughness.
2.2.1.2 Reduction in flaw size
There are several stages in the production of a ceramic component in which flaws 
can be introduced into the material. These were considered in detail by Lawn
(2.1)
K - a Y c  V2 (2.2)
af  = Kc / Yc il2 (2.3)
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(1993) under the headings of 1) crack nucleation at microcontacts 2) crack 
nucleation at dislocation pile-ups 3) flaws from chemical, thermal and radiation 
fields and 4) processing flaws. The most important of these is probably the 
processing flaws as they are inherent in the bulk of the material. Lange (1989) 
attempted to eliminate microstructural flaws by examination at each stage of 
processing and then refining the process. Since flaw size tends to be proportional 
to grain size this approach is most suitable for fine-grained systems. It is not 
possible to eliminate flaws totally, hence, the material is susceptible to degradation 
due to the presence df a single pore or inclusion. Post-processing flaws, for 
example from component manufacture or environmental effects, can also be 
significant, therefore, improvement in performance of ceramic components by 
reduced flaw size is not significant for most practical purposes.
2.2.1.3 Increase in fracture toughness
The principal means of increasing fracture toughness is by inclusion of a second 
phase, which may be particulate or fibrous in nature (Riihle and Evans, 1989).
The particulate route relies upon crack shielding, either in front of or behind, the 
crack tip. Examples of types of toughening mechanism are crack deflection (Liu 
and Ownby, 1991), microcrack toughening (Evans and Faber, 1981), 
transformation toughening (Garvie et al., 1975) and ductile particle bridging 
(Evans and McMeeking, 1986). These mechanisms will not be discussed further 
since the material supplied for this project is a fibre-reinforced ceramic matrix 
composite.
The use of fibres for toughening ceramic matrices can be divided into two
8
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categories - whiskers and continuous fibres. Whiskers are large aspect ratio rods 
of ceramic material (usually silicon carbide), 0.1-1 pm diameter and 30 -100 pm 
long. After processing they act either by crack deflection or pinning, which yield 
only small benefits over the monolithic material or, more effectively, by crack 
bridging and subsequent whisker pull-out.
An obvious extension of this method is to use continuous fibres and to incorporate 
them into ceramic matrices to produce continuous fibre-reinforced ceramic matrix 
composites. The relative strengths of the fibres, matrix and interface in this type 
of composite are crucial in determining the mode of failure that would ensue 
following the application of a tensile stress. If the stress to cause matrix cracking 
is sufficiently high the bridging fibres across the first matrix crack will fail allowing 
crack extension and subsequent catastrophic failure - with minimal toughening 
effect. Alternatively, if the stress required to fracture the fibres is greater than the 
matrix strength, then a non-catastrophic response to an applied tensile load occurs 
as the fibres will be able to support the load transferred to them when the matrix 
fails. An increase in load would cause more matrix cracks to appear, in a periodic 
array, until the load is wholly supported by the fibres running through blocks of 
matrix. Further loading finally causes fibre failure. Load - extension curves are 
shown in figure 2.1 depicting the two types of failure.
Evans and Marshall (1989) suggested that the desirable, non-catastrophic, mode 
of failure would be encouraged by the presence of strong fibres, weak interfaces 
and residual tensile stresses normal to the fibre-matrix interface (figure 2.2). The 
use of silicon carbide fibres satisfies the strength criterion and the mismatch in 
coefficients of thermal expansion between the fibre and matrix determines the
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residual stress field. Analysis of fibre-matrix debonding by He and Hutchinson 
(1989) indicated that an interface, sufficiently weak to promote non-catastrophic 
failure, would be obtained if the fracture energy of the interface (G }) was 
considerably less than that of the fibre (Gf), so that:
0 , ^ 1  (2.4)
Observation of the mechanical characteristics of various Nicalon reinforced 
ceramic composites by Cao et al. (1990) and studies on heat treated SiC/LAS by 
Bischoff et a l (1989) provided supporting experimental evidence for this proposal.
Figure 2.3 indicates the toughening mechanisms associated with the advance of a 
dominant crack in a continuous fibre reinforced CMC. Debonding generating new 
surfaces, pull-out giving frictional dissipation of energy and dissipation of stored 
elastic energy by acoustic emissions are all positive contributions. The release of 
residual stresses, however, is a negative mechanism since it returns energy to the 
system. Large amounts of energy will be consumed in extending the material 
beyond the matrix cracking threshold (as shown by the load-extension curve), 
hence, long pull-out lengths are desirable and, since this is a function of the 
Weibull modulus (m), low values of m will lead to greater toughness.
2.2.2 FIBRE-REINFORCED CMCs
Early studies of reinforcing brittle materials by a second phase were reported by 
Hasselman and Fulrath (1968) for borosilicate glass containing dispersions of small
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particles. Only minimal increases in strength were achieved, however, and these 
were attributed to a reduction in the size of Griffith flaws; hence further studies 
have considered using fibres.
In the early 1970s the majority of studies centred around carbon fibre reinforced 
glass and glass-ceramic matrices (Sambell et a l , 1972a). These researchers 
overcame a previous problem of fibre oxidation during processing by hot-pressing 
the composite under vacuum or an argon atmosphere. In parallel with this, 
Sambell et al. (1972b) produced continuous carbon-fibre reinforced composites 
with greatly enhanced stress and strain capabilities (compared to monolithic 
matrix material) when samples were subjected to tensile stresses at room 
temperature (figure 2.4). These materials were unsuitable for high temperature 
applications, however, due to the propensity of the carbon to oxidise, with a 
consequent loss of performance.
There was a resurgence in interest in glass and ceramic matrix composites in the 
late 1970s following the development of a silicon carbide fibre that had the 
potential for high temperature applications (Yajima et a l , 1976). The 
polycarbosilane derived microcrystalline p-SiC fibres were produced and made 
available commercially by the Nippon Carbon Company Ltd. as "Nicalon" fibres. 
The production route was described by Okamura (1987) as being the pyrolysis of 
an organo-metallic polymeric precursor, polycarbosilane, producing fibres 
approximately 15 (Am in diameter consisting of p-SiC and some impurities.
The properties and structure of these fibres have been studied extensively (Simon 
and Bunsell, 1984 a & b; Maniette and Oberlin, 1989; Lewis and Murthy, 1991
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and Bleay et al.,1992). Although there are discrepancies between these 
researchers regarding the fine details of the structure there is general agreement 
that the fibres were predominantly silicon carbide in the microcrystalline state, 
with particle sizes between 2 and 3 nm, and some amorphous silicon carbide. It 
was also established that the fibres contained excess carbon and oxygen. Some 
of the carbon, which may be nearly 50% above the stoichiometric silicon carbide 
value (Lewis and Murthy, 1991), was found to be distributed throughout the fibre 
as graphitic microciystals. Oxygen, introduced primarily during the curing stage, 
was shown by Simon and Bunsell (1984 a & b) to exist uniformly throughout the 
fibre. In addition, oxygen may also be present as silica (Maniette and Oberlin, 
1989) and recent work by Porte and Sartre (1989), Lewis and Murthy (1991) and 
Bleay et a l (1992) has suggested that non-stoichiometric silicon oxycarbides are 
also present in the fibres.
A  major factor in the choice of matrix material was the ease of manufacture of 
the composites. The possible use of borosilicate glass as a suitable matrix material 
has been studied extensively (Prewo and Brennan, 1980 and Briggs and Davidge, 
1989), since, by utilising the viscous flow properties, successful infiltration of the 
fibre tows could be achieved. Investigations centred around borosilicate glass 
("pyrex") containing carbon fibres as reinforcement proved effective (Sambell et 
a l, 1972a and Dawson et a l, 1987) and when this glass was reinforced with 
Nicalon fibres, composites with high specific strength and stiffness were obtained, 
although their application was limited to low temperature environments before 
matrix softening occurred. Lewis and Murthy (1991) suggested 500 °C and Prewo 
and Brennan (1980) suggested 600 °C as maximum working temperatures.
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A  further complication encountered during the fabrication of borosilicate glass 
composites was recognised by Lewis et a l (1992). Undesirable crystallisation of 
the matrix to form cristobolite adjacent to the fibre surfaces was evident, 
particularly for hot-pressing temperatures between 900 and 1000 °C. The 
mismatch in the coefficient of thermal expansion between this phase and the 
parent matrix material induced extensive microcracking and a corresponding 
degradation of material performance. However, pressing at a lower temperature 
was not conducive to densification of the composite or to interface development 
and pressing above this range, i.e. above the liquidus, may be detrimental to the 
reinforcing fibres.
Ceramics, which possess desirable high temperature properties, were considered 
as alternative matrix materials. The processing route for ceramics, however, was 
not compatible with the available reinforcing fibres, hence, an intermediate class 
of materials was investigated that could, perhaps, combine some of the benefits 
of ceramics with the processability of glass. This new range of materials - glass- 
ceramic matrix composites - was based on metal aluminosilicates with the major 
systems of interest being lithium aluminosilicate (LAS) and calcium aluminosilicate 
(CAS).
2.2.3 NICALON/ALUMINOSILICATE COMPOSITES
2.2.3.1 Manufacturing
There are a number of techniques in use that may be suitable for the manufacture 
of fibre-reinforced ceramic matrix composites. These include matrix transfer 
moulding and injection moulding which have been adapted from the polymer 
composites industry (Prewo et a l, 1986). Sol-gel processing, using a colloidal
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suspension which is dried and densified, is a possible route for producing high 
purity materials but high cost and a tendency to severe cracking on drying render 
this method unsuitable for many applications. A  manufacturing process that is 
currently widely used is hot-pressing. This method was developed at U KAEA 
Harwell for carbon fibre reinforced glass and glass-ceramic matrix composites 
(Sambell et a l , 1972b) and later applied to silicon carbide fibre reinforced 
systems. A  schematic representation of the process is shown in figure 2.5.
Tows of Nicalon fibres from the supply spool are desized by passing them through 
a furnace before being passed over PTFE rollers and air jets to obtain an even 
distribution of fibres. The fibres are then passed through a bath containing a 
slurry of the matrix material, water and a soluble resin binder. The impregnated 
tows are wound onto a flat-faced take-up drum and allowed to dry. Once dry, the 
"pre-preg" material is cut to size and stacked in the desired lay-up in graphite dies 
where they are heated to remove the resin binder. The temperature of the press 
is raised, typically to 900 - 1200 °C, to reduce the viscosity of the matrix material 
sufficiently to enable impregnation of the fibre tows. A  pressure of between 2 and 
15 MPa is applied for a pre-determined length of time to help consolidation of the 
composite and then removed and the dies allowed to cool. A  subsequent heat 
treatment, termed ceramming, at a temperature of approximately 1200 °C, is 
finally applied to promote growth of the crystalline phase that had been nucleated 
in the hot pressing stage.
Composites produced by this route attain densities greater than 98% of their 
theoretical value. Variations of the temperature and pressure profiles on the 
basic procedure have been tried in attempts to improve the quality of the
14
Chapter 2: Literature Review
composites. For example, when processing Nicalon/Pyrex, Prewo and Brennan
(1980) used 1200 °C and 14 MPa for lhr whilst Dawson et a l (1987) used 950 °C 
and pressures below 10 MPa. Dawson et a l (1987) and Briggs and Davidge 
(1989) identified other parameters, e.g. fibre tension and desizing temperature, 
that need to be optimised in order to produce high quality composites.
2.2.3.2 The interphase
As stated in § 2.2.1.3 the role of the interphase in fibre-reinforced CMCs is crucial 
in determining the mode of failure. During fabrication a reaction between silicate 
matrices and silicon oxycarbide (Nicalon) fibres produces an interphase structure 
that has been shown to determine the interfacial shear strength and, hence, many 
aspects of the mechanical behaviour of the composite (e.g. Lewis et a l, 1992). 
This interfacial region was originally studied by Prewo et a l (1986) in the LAS 
system, although similar reactions have been identified in other aluminosilicate 
systems (Murthy et a l, 1989).
A  study by Cooper and Chyung (1987) on a selection of silicon carbide fibre 
reinforced glass-ceramic composites led to a proposed mechanism for the reaction 
to produce the observed carbon-rich interphase involving the oxidation of silicon 
carbide at the fibre surface :
SiC + 0 2 -  Si02 + C 
A  supplementary reaction was proposed by Benson et a l (1988) in which carbon 
monoxide, formed as a result of carbon oxidation, would diffuse to the silicon 
carbide/carbon interface :
SiC + 2CO -  Si02 + 3C 
In this model CO diffusion may be the rate limiting step as opposed to Si and 0 2
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diffusion proposed by Cooper and Chyung. The actual thickness of the interphase 
was shown by Lewis and Murthy (1991) to vary between 30 nm in a magnesium 
aluminosilicate composite and 250 nm in a barium aluminosilicate composite; the 
thickness of the layer probably being influenced by the fabrication temperature 
and matrix chemistry.
2.2.3.3 Elevated temperature effects
It became apparent during investigation of carbon fibre/borosilicate glass matrix 
composites that the susceptibility of carbon to oxidise at elevated temperatures 
reduced the mechanical performance of such materials. Sambell et a l (1972a) 
overcame this problem by processing the composite in an inert atmosphere. 
Prewo and Batt (1988), however, demonstrated that the problem of fibre oxidation 
precluded the use of these composites at elevated temperatures since there was 
a significant, progressive deterioration in flexure strength with exposure time in 
an aerobic atmosphere.
Studies on "Nicalon" silicon carbide fibres indicated that their superior high 
temperature capabilities would promote them as candidates to replace carbon 
fibres in high temperature applications. The claim by Yajima et a l (1976) that 
the strength and modulus values of the fibres would be maintained up to 
temperatures of 1400 °C was not, however, reflected in later investigations. 
Simon and Bunsell (1984a & b) observed a reduction in strength above 1000 °C 
and, more recently Pysher et a l (1989) and Kim and Moorhead (1991) obtained 
a decrease in strength values following short excursions above 800 °C. The latter 
group, however, observed a retention, or even an increase, in tensile strength for 
exposures between 5 and 100 hrs at temperatures of 800 and 1000 °C. They
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suggested that the fibres subjected to thermal ageing at 1000 °C for less than 5 hrs 
fractured at the sites of surface flaws, whereas, a recovery in strength for 
intermediate exposure times was attributed to growth of a surface layer of Si02. 
This layer reduced the severity of the surface flaws and retarded the rate of 
oxidative reactions within the fibres. For exposure times greater than 50 hrs, 
however, this layer became too thick and new flaws were formed. These results 
were in agreement with a recent report by Ishikawa (1994) in which a similar 
trend in tensile strength at these temperatures was apparent. On exposure to 
temperatures above 1200 °C both groups observed a more significant degradation 
in tensile strength which Kim and Moorhead attributed to a more rapid formation 
of the Si02 coating (figure 2.6). Mah et a l (1987) warned that results from 
isolated fibres may be misleading and not directly transferrable to composite 
systems.
Research on Nicalon reinforced CMCs, primarily LAS and later CAS, followed 
two routes. It was discovered that an undesirable feature of these composites was 
their susceptibility to embrittlement when subjected to elevated temperatures, 
leading to notch sensitivity and a catastrophic mode of failure (Luh and Evans, 
1987 and Thouless et a l, 1989). This effect on mechanical properties will be 
considered later in the review. Concomitant with these studies were investigations 
on the microstructural changes imposed on composites exposed to high 
temperature environments.
Brennan (1986) studied the fracture surface and the interfacial region of a 
Nicalon/LAS composite by scanning transmission electron microscopy and 
scanning Auger multiprobe analysis. After heating the composite in air at a
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temperature of 1000 °C for 100 hrs it was found that the carbon-rich interfacial 
layer of the untreated specimen had been transformed into a zone that was 
predominantly silica (Si02). An investigation carried out by Bischoff et a l (1989) 
also indicated growth of a silica layer at 800 °C that had attained the thickness of 
the original carbon layer after thermal ageing for approximately 16 hrs. Studies 
on heat treated Nicalon/CAS interphases by Cooper and Chyung (1987), Bleay et 
a l. (1992) and Pharoah et a l (1993) all indicated a progressive transformation 
from carbon to silica after exposure to elevated temperatures. Although Bleay et 
a l (1992) observed no change below 600 °C, voids, and the formation of an 
amorphous layer appeared after heating at 800 °C for 24 hrs; the thickness of the 
layer being determined by the ageing temperatures. Investigations by Pharoah et 
a l (1993) on samples exposed to elevated temperatures for longer durations (100 
hrs) indicated that the oxidative activity began at temperatures above 500 °C and 
full silica bridging was evident above 800 °C. The two reactions generally 
accepted as being primarily responsible for the observed behaviour are:
SiC + 202 Si02 + C02
and
C + o 2 -  c o 2
The primary route for oxidation of the fibre/matrix interface is via "piping" of 
atmospheric oxygen down the exposed interface between the fibre ends and the 
matrix. Pharoah et a l (1993) noted that the most severe effect occurred at 
temperatures between 500 and 800 °C. Above these temperatures there are two 
competing oxidative reactions; one producing gaseous products, hence forming 
voids, and the second one, the oxidation of the fibre itself, creating a passivating 
silica plug around the exposed fibre ends thus reducing the ingress of further
18
Chapter 2: Literature Review
atmospheric oxygen into the bulk of the material. Also, at high temperatures the 
silicon carbide surface of the fibre continues to be oxidised and the silica formed 
fills the voids left by the oxidised carbon. Further oxidation of any remaining 
carbon is effectively halted, however, since oxygen diffusivity through the matrix 
is very slow.
The oxidation of carbon, both in the fibre and in the interphase, has been shown 
to be the weakest link when attempting to use fibre-reinforced composites at 
elevated temperatures. Variations to the method of producing Nicalon fibres have 
been reported recently by Ishikawa (1994) where curing of the fibres by electron 
beam irradiation in an oxygen free atmosphere resulted in a reduced oxygen 
content from over 10 wt % for the standard fibres to 0.5 wt %  for the new "Hi- 
Nicalon" fibre. This led to enhancement in both the tensile strength and modulus 
after exposing the fibres for 1 hr at 1500 °C in an argon atmosphere (figure 2.7). 
The incorporation of these fibres into a silicon carbide matrix also gave a 
threefold increase in flexure strength over the standard Nicalon fibres for 
temperatures up to 1300 °C.
An alternative to reducing oxygen content was outlined by Lewis and Murthy 
(1991) and Ishikawa (1994). This approach was to coat the Nicalon fibres with, 
for example, carbon, silicon or boron nitride prior to fabrication of the composite. 
Results reported by the second author for Nicalon/borosilicate glass composites 
indicated an increased room temperature flexure strength capability from 360 
MPa for the uncoated Nicalon fibres to 1520 MPa for those with a carbon coating 
130 nm thick. No details were reported as to the high temperature capability but, 
as noted by Kerans et a l (1994), fibre coating, fibre surface topography and
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abrasion resistance are all factors that affect interfacial roughness and may be 
used to tailor interfacial properties.
2.3 THERMAL SHOCK BEHAVIOUR OF MONOLITHIC AND 
FIBRE-REINFORCED CERAMIC MATRIX COMPOSITES
2.3.1 MONOLITHIC CERAMICS
The first theoretical studies on thermal shock in monolithic ceramics were 
conducted by Jaeger (1945) and developed by Lighthill and Bradshaw (1949). 
Subsequently, the thermal stress, ots, generated as a result of an infinitely fast 
temperature change, AT, was given by Buessem (1955) as :
ATEa (2.5)
“ (1-v)
where E is Young’s modulus, a is coefficient of thermal expansion and u is 
Poisson’s ratio. If o ts =  of, the fracture strength of the material, then the 
implication from these early studies is that complete failure will occur. The 
validity of this approach has been tested by other researchers, for example, by 
Crandall and Ging (1955) and Glenny and Royston (1958). These workers found 
that the calculated value of stress to cause failure in thermal shock tests was 
approximately equal to the strength of the material. Rearrangement of equation
(2.5) and substituting ots = of led to the definition of a Thermal Shock Resistance 
parameter, R, (Buessem, 1955) :
= q/ 1~v) (2.6)R =
Ea
where R defined the minimum temperature drop, AT, that was necessary for 
fracture. Equation (2.6) relates to an infinitely fast quench in which the surface
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of the body attains, instantaneously, the temperature of the quenching medium 
but the thermal conductivity is insufficient to transfer heat from the interior. In 
practice, this is rarely, if ever, applicable and it is more usual to take the thermal 
conductivity, k, into account and define a second parameter R', suitable for 
ranking different materials, such that :
r , _ aji-v y k  (27)
Ea
An accurate value for these parameters is dependent upon the determination of 
values for the variables. E, cc and u may be obtained directly by measurement, 
although it is difficult to measure Poisson’s ratio accurately. As ceramics do not 
possess a unique fracture strength, even the determination of of requires a 
statistical approach (Rogers et a l, 1987). Experimental data show that the value 
of k can vary by a factor of 3 or 4 over a usable temperature range (figure 2.8). 
Consequently, when such variations are taken into account, R ' gives an improved 
order of merit of performance.
In a more rigorous approach by Buessem (1955), another parameter, A, was 
introduced. This modified equation (2.5) to :
a = A(2 .8 )
1-v
The quantity, A, termed a "non-dimensional stress reduction factor" is a function 
of the Biot modulus, 0 (Jaeger, 1945). The Biot modulus is given by p =  ah/k 
with the term "a" being a characteristic dimension of the sample under
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consideration, h is the heat transfer coefficient of the quenching medium and k, 
the thermal conductivity of the sample. Jaeger (1945) demonstrated a typical 
variation in the value of the stress reduction factor with time, for different Biot 
moduli, for an infinitely long rod of circular cross-section (figure 2.9). There will 
be no benefit derived from using this more complex expression (equation (2.8)), 
however, unless the terms which make up (3 and hence A, can be evaluated 
accurately. The disagreements between theory and experiment, and the variability 
in experimental results themselves, is often attributed to the difficulty in evaluating 
the Biot modulus (Hasselman, 1970 and Singh et al, 1981).
The physical measurement of the characteristic dimension, a, which is a function 
of the specimen shape, (radius of circular cylinder or half thickness of a plate) is 
trivial for a simple shape but the actual dimensions have a marked effect on the 
resistance to crack initiation (Becher et a l, 1980), and the retained strength after 
shock (Gupta et al, 1975). Experimental thermal shock studies by Becher et al
(1980) confirmed that for a range of engineering ceramics an increase in the 
thickness of the material resulted in higher stresses and a consequent reduction 
in the temperature differential that the sample could withstand.
The most difficult variable to quantify is the heat transfer coefficient, h. Davidge 
and Tappin (1967) defined three distinct regions where h varied according to the 
initial temperature of the sample. At low temperatures the heat transfer was slow 
and convective. Above this, nucleate boiling occurred where agitation by steam 
bubbles produced a high heat transfer rate. At even higher temperatures a film 
of steam enveloped the sample and reduced the heat transfer rate. Singh et al
(1981) pursued this aspect of the Biot modulus and proposed a fourth, radiative
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mechanism which operated at still higher temperatures and gave a high heat 
transfer rate (figure 2.10). This group of workers considered also the effect of 
varying the temperature and viscosity of the quenching medium. They concluded 
that the variability of these factors severely limited the ability to determine h, 
accurately.
The discussion so far has referred to failure, as a consequence of thermal shock, 
without specifying what is meant by this. Later experimental work (Davidge and 
Tappin, 1967) and theoretical studies (Hasselman, 1969) enable this to be 
considered in more detail. Hasselman noted that the driving force for crack 
propagation is provided by the stored elastic energy at the moment of fracture. 
He then estimated the critical temperature difference necessary to cause crack 
instability and the consequent kinetic propagation of small cracks. As figure 2.11 
indicates, no propagation of initial defects occur below ATC; at ATC the critical 
stress for fracture is reached and the cracks propagate abruptly to a new value. 
These cracks are arrested before becoming critical and require additional 
(thermal) energy to continue growing. Between ATC and AT© a number of cracks 
grow to approximately the same depth into the material and beyond AT/ a few, 
dominant cracks propagate until fracture finally occurs. Correspondingly, the 
retained strength of the material is seen to remain constant below ATC but as the 
cracks start to grow a large reduction in strength occurs. This remains constant 
until at AT/ the propagation of dominant cracks causes further strength loss 
leading to fracture.
2.3.2 CERAMIC MATRIX COMPOSITES
Many researchers have considered the effects of elevated temperatures on CMCs,
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but, despite the obvious importance of thermal cycling in such environments, there 
appears to have been little study on the effects of thermal shock and the response 
to such treatment remains largely undocumented. Long et al (1989) performed 
thermal shock experiments on unidirectional silicon carbide fibre-reinforced 
magnesium aluminosilicate. Tensile strengths of samples thermally aged in air for 
4 hrs at 400 °C and then quenched in water were found to be greater than for 
those receiving no heat treatment. This was attributed to relief of internal stresses 
allowing increased fibre pull-out. The samples, however, were packed into 
crucibles and covered with alumina powder throughout the entire thermal shock 
process. Whilst thermal ageing would still be effective the severity of the thermal 
shock would be greatly reduced. More comprehensive studies were undertaken 
by Kagawa et al (1993) in which samples (40 x 2.0 x 2.0mm) of unidirectional 
Nicalon fibre-reinforced borosilicate glass, held at temperatures above 600 °C for 
10 minutes and then shocked, were seen to exhibit multiple matrix cracks 
perpendicular to the fibre axis. Similar experiments by these workers on 
Nicalon/LAS composites led to the formation of cracks at temperature 
differentials above 800 °C, but in this system the cracks were parallel to the fibre 
direction. These researchers suggested that the change in direction of the cracks 
was associated with the formation of a crystalline phase (P-spodumene) in the 
matrix-rich regions of the composite and, due to thermal expansion anisotropy 
within the P-spodumene, could act as sources for the microcracks.
Kagawa et al also looked at residual properties. In the borosilicate glass 
composite both the elastic modulus and the flexure strength remained constant up 
to the thermal shock temperature difference corresponding to the cracking 
threshold and then decreased. The trend in Young’s modulus was explained by
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reference to a progressive increase in matrix crack density. The small increase in 
low temperature flexure strength may be due to viscous flow but, above the matrix 
cracking threshold, the mechanism proposed for the observed decrease in flexure 
strength was a reduction in interfacial shear strength leading to a shift from a 
tensile failure mode towards an interlaminar shear failure. The LAS matrix 
composite demonstrated a very small decrease in flexure strength over the whole 
range of temperatures (0 - 1000 °C) but the elastic modulus was seen to increase 
as the cracking threshold temperature was approached before a similar decrease 
to that of the borosilicate glass matrix was observed for higher temperatures. The 
increase in elastic modulus was seen to be consistent with the formation of the 
crystalline phase, whilst, the reduction in modulus above the cracking threshold 
was again attributed to matrix cracking. This latter explanation was not consistent 
with the observed cracking pattern, however, since cracks formed parallel to the 
fibre direction and would not be expected to influence the longitudinal Young’s 
modulus.
Thermal shock resistance of laminated ceramic matrix composites has been 
considered in a theoretical study by Wang and Chou (1991). Their analysis of a 
[-45/+45]s configured continuous silicon carbide fibre-reinforced borosilicate glass 
composite indicated that the first damage would appear as interlaminar failure. 
This would occur at a temperature differential of AT = 158 °C for average values 
of stress near the edge of the sample, or AT = 55 °C if the most severe 
conditions, (i.e. the edge of the sample itself), were used. As the ply lay-up is 
altered towards a [0/90]s configuration the stresses due to matrix cracking would 
become the dominant factor and, for this system, the maximum temperature 
differential would reduce to approximately 70 °C.
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2.4 MATRIX CRACKING IN NICALON/CAS COMPOSITES
2.4.1 UNIDIRECTIONAL
2.4.1.1 Cracking as a result of mechanical loading
A  variety of test methods have been employed to assess the mechanical behaviour 
of ceramic matrix composites. The two most usual means of measuring some 
important physical properties are by uniaxial tension or flexure. Precautions must 
be taken, however, when using tensile test methods on fibre-reinforced CMCs and 
Phillips and Davidge (1986) cite two main problems. These concern the difficulty 
in obtaining exact alignment of the samples and ensuring that a valid tensile 
failure occurs, that is, fibre fracture and not matrix splitting parallel to the fibres. 
Important aspects that need to be considered, therefore, relate to the shape of the 
sample and the method of gripping it in the test machine.
These researchers and Lewis et al (1985) also identified two aspects of CMCs that 
must be addressed when designing a flexure test. Firstly, the compressive strength 
may be similar to, or even lower than, the tensile strength in the direction of the 
fibres and, secondly, the shear strength of planes parallel to the fibres is usually 
much less than either the tensile or compressive strength. These factors must be 
allowed for when designing a test-rig to ensure that the material fails in the 
desired mode. Both Phillips and Davidge (1986) and Lewis et al (1985) 
emphasised strongly the importance of observing the mode of failure; a shear 
failure being indicated by cracking along the neutral plane.
Outputs from mechanical tests are usually in the form of load-displacement curves 
and analysis of these can be used either to characterise material behaviour or to
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evaluate models derived to predict behaviour. Brennan and Prewo (1982) used 
the tensile test method to obtain values of Young’s modulus for unidirectional 
silicon carbide fibre-reinforced lithium aluminosilicate and obtained results 
commensurate with those predicted by the rule of mixtures. Similar tests with a 
calcium aluminosilicate matrix material have been performed by several research 
groups (including Pryce and Smith, 1992, Wang and Parvizi-Majidi, 1992 and 
Davies et al 1993) where values for Young’s modulus between 127 and 131 GPa 
were obtained, i.e. close to rule of mixture predictions of 124 - 130 GPa.
Tensile tests can also be used to determine the maximum, or ultimate tensile 
stress (UTS). The values may be of little use for design purposes but it is often 
quoted and values of between 330 and 445 MPa have been obtained by research 
groups for the unidirectional laminated Nicalon/CAS system. A  much higher 
value is sometimes reported from flexure tests, which may be termed the modulus 
of rupture (MOR). Bleay et al (1992), for example, quote a tensile strength of 
330 MPa but a flexure strength, based on simple elastic beam theory, of 790 MPa. 
The difference in values may be reconciled by considering the mode of failure. 
The whole of the cross-section is subjected to equal stress in the tensile mode but 
Marshall and Evans (1985) showed that in flexure testing matrix cracks emanating 
from the tensile surface approach, but do not cross, the neutral axis. Prewo 
(1986) observed that linear elastic beam theory was no longer applicable when 
progressive matrix cracking occurred and, consequently, if beam theory was 
applied there would be an overestimate of the level of applied tensile stress. The 
relationship between tensile and bending effects were investigated by Steif and 
Trojnacki (1994). For a bending moment, M, the line M = Muts in figure 2.12 
indicates the bending moment for a linear elastic beam in flexure in which the
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tensile stress (o uts) is equal to the compressive stress (-o uts). If the bending 
moment is increased beyond this value, i.e. M > Muts, the stress on the tensile 
face will be limited to outs and cracking perpendicular to the fibre direction will 
be apparent on the tensile surface. The stress on the compressive face is not 
similarly restrained and -outs can continue to increase. However, the condition of 
zero net axial load must be met and the neutral axis will be displaced, towards the 
point yc, to maintain this equality. The tensile strength will, therefore, be reached 
prior to, and at a lower load than, that associated with the maximum bending 
moment. If linear elastic beam theory is then applied using the maximum 
moment from the bend test the composite bend strength would appear greater 
than the true tensile strength. This analysis confirmed the experimental findings 
of Marshall and Evans in which a strain gauge was attached to the compressive 
surface of a flexure sample of unidirectional silicon carbide fibre-reinforced LAS. 
From strain gauge measurements they obtained a value of 1330 MPa for the 
compressive stress but a calculated value of only 800 MPa by assuming a linear- 
elastic beam in bending. The actual stresses on the tensile surface must, 
therefore, be considerably lower and their measured values from tensile tests 
indicated a maximum tensile stress of 500 MPa.
No direct comparisons can be made between the results from flexure and tensile 
tests on composites but Briggs and Davidge (1989) have drawn on work of 
Aveston et al (1974) and Davidge et al (1987) to try to determine a relationship 
between the modulus of rupture (MOR) and the ultimate tensile strength (UTS). 
From experimental work on unidirectional Nicalon fibre-reinforced pyrex it was 
suggested that, for equal volume specimens :-
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F 9 E  = 2(m + l )1/,n (2.9)
UTS
where m is the Weibull modulus of the fibres, may give a more accurate 
relationship between the two values than the usual
= \2(,n + i f  I1"" (2.10)
UTS
where m is the Weibull modulus of the material.
Steif and Trojnacki proposed that the ratio between the two strength values would 
vary according to the stress-strain curve after the ultimate tensile strength had 
been reached. This is dependent upon the toughness of the composite with the 
tougher materials displaying a calculated bend strength up to three times greater 
than strengths obtained from axial tensile tests.
In a review of the role of flexure testing, Quinn and Morrell (1991) suggested that 
the onset of matrix cracking may be sufficiently serious to set an upper limit for 
applied stress when designing with ceramic matrix composites. This concurs with 
the current practice of restricting the use of ceramic matrix composites to 
applications where stresses remain below that necessary to cause the onset of 
matrix cracking. The phenomenon of matrix cracking has received considerable 
interest in the literature (e.g. Cho et al, 1992, Pryce and Smith, 1993 and Curtin, 
1993). In unidirectional ceramic matrix composites a crack is formed in the matrix 
of a composite when a stress is applied to the material which exceeds the in situ 
matrix fracture stress. Although a single crack may propagate completely through
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the matrix, usually perpendicular to the fibre direction, it does not lead to 
catastrophic failure, as would be the case for a monolithic ceramic, providing that 
the fibres span the crack and can support the increased load. The extra load is 
returned to the matrix over a distance known as the transfer length, which is a 
function of the interfacial sliding resistance, after which a further crack will form 
if the matrix fracture stress is again exceeded. As the applied stress is increased 
multiple matrix cracks will be generated until any further increase in the load is 
supported solely by the fibres.
Experimental investigations by a number of research groups on Nicalon fibre 
reinforced CAS showed a spread of values for the stress required to initiate a 
matrix crack. These ranged from 96 MPa (Pryce and Smith, 1992) to 190 MPa 
(Davies et al, 1993), however, Karindikar and Chou (1993), Wang and Parvizi - 
Majidi (1992), Kim and Pagano (1991) and Beyerle et al (1992) all obtained 
values between 130 and 150 MPa for a volume fraction of fibres, V f * 0.38. The 
methods of observing the cracks were, generally, by optical microscopy but Kim 
and Pagano and Beyerle et al also used acoustic emission. Although a matrix 
crack could be considered to be the beginning of permanent deformation the 
effect is too small to be detected on a load-displacement or stress-strain curve. 
The onset of non-linear behaviour, as perceived by deviation from a straight line, 
was reported by several of the above research groups to be at an applied stress 
50 - 80 MPa higher than that required to produce the first matrix crack.
2.4.1.2 Predictive Models
Much of the analysis of the phenomenon of matrix cracking is based on the classic
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work of Aveston, Cooper and Kelly (ACK)(1971). ACK used an energy balance 
approach to obtain an expression for the matrix cracking strain, emu, in brittle 
matrix composites as :
E  E „ r
1/3
(2.11)
where Em, Ef, and Ec are the moduli of the matrix, fibre and composite 
respectively; V f is the fibre volume fraction and Vm (=  1 - Vf) is the matrix 
volume fraction; r is the radius of the fibre; ym is the fracture surface energy of 
the matrix and t is the interfacial shear stress. Although this model predicts the 
strain at the onset of matrix cracking, there are two important limitations to its 
use. The material is assumed to have a single cracking strength, whereas in 
practice a range of cracking strengths are observed, and no crack growth 
mechanism is considered, only the energy change before and after cracking.
Developments of the ACK theory by Marshall et al (1985) and McCartney (1987), 
using fracture mechanics approaches, concluded that the model was valid for the 
propagation of large flaws. Rearrangement of this equation could then be used 
to determine the stress on the composite, a*, at which matrix cracking would occur 
(Marshall et al 1985) as :
a
6tr,„r; EfEc 
V. E j r
1/3 (2.12)
where r n] = 2ym the fracture energy of the matrix.
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If there is a significant level of residual stress in the system, for example as a 
result of processing prior to mechanical loading, Kim and Pagano (1991) and 
Beyerle et al (1992) suggested that equation (2.12) could account for this by 
inclusion of an extra term. The modified expression then becomes :
6xT Vf EfE 2m J  f  c
V E 2rm m r k ,
where or is the residual matrix axial stress.
Equation (2.13) can be thought of as a threshold level of applied composite stress, 
below which cracks will not propagate since the fibres bridging the crack exert a 
closing force and prevent the stress intensity factor from reaching the critical value 
for crack growth. Analyses of short cracks by McCartney (1987) and Marshall et 
al (1985) also indicated a threshold level of stress below which matrix cracking 
would not take place. Here the stress intensity at the crack tip was determined 
by the size of the cracks in the matrix. Ceramic materials incorporate a range of 
crack sizes and as the size of these inherent cracks decrease higher stresses must 
be applied to raise the stress intensity factor to a critical level to promote crack 
growth. The relationship between crack length and applied stress was calculated 
by McCartney (1987) and is shown schematically in figure 2.13. There is, 
therefore, a range of applied stresses over which new matrix cracks are initiated 
as was demonstrated by Pryce and Smith (1992) and shown in figure 2.14.
The use of equation (2.12) to predict matrix cracking requires a knowledge of 
material properties which themselves are difficult to evaluate. Values of 
interfacial stress, x, in particular, are difficult to obtain and various methods have
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been employed, e.g. microindentation (Marshall and Oliver, 1987 and Lewis et al, 
1992), fibre pull-out (Thouless et al, 1989) and fibre push-out (Wang and Parvizi- 
Majidi, 1990). An analysis by Pryce and Smith (1993) of the loading/unloading 
behaviour of unidirectional Nicalon fibre-reinforced CAS composite produced a 
value of 8 MPa for the interfacial shear stress, which compared favourably with 
results using other methods. Their technique also benefitted from not requiring 
a knowledge of the stress values at which individual cracks formed or the potential 
problem of compressing the interface to which indentation/push-out methods may 
be exposed. Marshall et al (1985) carried out numerical and analytical studies on 
strength/crack size relationships for uniaxial composites and Curtin, in two papers 
(1991 and 1993), used these and other results to consider multiple matrix cracking 
using Weibull analysis. The experimentally determined stress and crack spacing 
values were then used to compare values of interfacial stress with those obtained 
by other methods. Curtin considered that iterative processes using data generated 
from the various techniques may help to refine the models currently available.
The matrix fracture energy, Tm, also requires independent evaluation. The 
technique used by Beyerle et al (1992) was to test chevron-notched specimens of 
matrix material, while Davies et al (1993) determined crack dimensions in bulk 
CAS by fractographic methods to obtain Tm using the Griffith criterion. A  
fracture energy of 25 J m‘2 was obtained for monolithic CAS by the former group; 
the latter group reported a value of 12 J m‘2 for the fracture surface energy 
(which they considered to be low) but this is equivalent to a fracture energy, Tm, 
of 24 J m"2.
Limitations of the available models and the difficulties encountered in measuring
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the various parameters have been summarised succinctly by Kerans et al (1989) 
and Thouless et al (1989).
2.4.1.3 Cracking under mechanical loading at elevated temperature and after 
ageing.
There has been considerable interest in the literature in the mechanical properties 
o f. ceramic matrix composites after the application of thermal treatments, 
especially isothermal ageing, with flexure testing being the predominant means of 
obtaining data since both the sample and fixture geometry are relatively simple.
In the early 1980s Prewo and Brennan (1980,1982) measured the fracture strength 
of Nicalon fibre reinforced glass matrix composites in three-point bending at 
temperatures up to 1200 °C. Brennan and Prewo (1982) performed similar tests 
on a Nicalon/LAS ceramic matrix composite. In all tests they found that the 
flexure strength increased with temperature until a high temperature (1000 °C for 
LAS) was exceeded when a rapid decrease in strength was observed. These 
effects were attributed to a change in matrix viscosity. The corresponding Young’s 
modulus measurements showed an expected decrease in value as the test 
temperature was raised.
Subsequent elevated temperature tests in air on samples of unidirectional Nicalon 
fibre reinforced LAS composite by Mah et al (1985) and Prewo (1986), however, 
showed a drop in strength at intermediate temperatures (700 - 900 °C) before 
some recovery took place. Both groups noted that the appearance of the fracture 
surface changed from fibrous at room temperature to brittle, with little pull-out, 
at 1000 °C. By changing the test environment Mah et al (1985) and Prewo (1986)
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found that these effects could be suppressed implying that the ingress of oxygen 
into the matrix cracks was responsible for these changes. More recently, Bleay 
et al (1992) performed room temperature flexure tests on samples of 
unidirectional reinforced Nicalon/CAS ceramic matrix composites that had been 
thermally aged for 24 hours. Results indicated that the flexure strength remained 
approximately constant (800 MPa) up to 800 °C and then increased up to 1100 °C 
with the associated embrittlement seen by Mah et al (1985) on Nicalon/LAS.
Thermal ageing at temperatures of up to 1200 °C for 100 hrs was also carried out 
by Pharoah et al (1993) on Nicalon/CAS. Their results confirmed the flexure 
strength values at low temperatures recorded by Bleay et al (1992) but obtained 
a marked decrease in flexure strength (up to 25%) for temperatures between 600 
and 800 °C before observing a similar increase in strength above this value. The 
apparent discrepancy in flexure strength values obtained by the two groups after 
thermally ageing samples at intermediate temperatures may be due to the 
difference in duration of the thermal treatments. Oxidative removal of the carbon 
interface is expected to be a prominent feature in this temperature range but the 
extent of the reaction into the interior of the material is time dependent. The 
thermal ageing received by the samples of Bleay et al may have been insufficient, 
therefore, for the effect to have penetrated deep enough into the sample for it to 
be detected by a change in flexure strength.
2.4.2 CROSS-PLY
2.4.2.1 Cracking as a result of mechanical loading
Research on cross-ply fibre-reinforced ceramic matrix composites has concentrated 
mainly on the behaviour of Nicalon/aluminosilicate materials under tensile loading.
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Attempts have been made to determine the order in which damage occurs to the 
laminate structure and to relate the observed cracking events to features on the 
stress-strain curve. Investigations on Nicalon/LAS by Sbaizero and Evans (1986) 
and Prewo et al (1989) indicated the presence of two discontinuities on the stress- 
strain curve. The groups had conflicting views, however, as to their causes. 
Prewo et al suggested that the first discontinuity, at 35 to 40 MPa, was as a result 
of the onset of transverse ply cracking in the 90° plies, where cracks developed 
perpendicular to the applied load, and the second discontinuity, a pronounced 
knee at approximately 175 MPa, was due to similar cracking events in the 0° plies. 
Sbaizero and Evans considered the first discontinuity to be at an applied 
composite stress of approximately 70 MPa but observed cracks in the 90° plies to 
be parallel to the loading direction. Transverse cracks were only observed at 
stresses greater than 120 MPa and occurred simultaneously in the 0° and 90° plies. 
A  similar sequence of events was observed from flexure tests.
Recent experimental studies have been undertaken by Wang and Parvizi (1992), 
Beyerle et al (1992) and Pryce and Smith (1992 & 1994) on laminates of 
Nicalon/CAS in various cross-ply lay-ups. Results of experimental work by Wang 
and Parvizi indicated that the first cracks to be formed in [0/90]ns laminates 
occurred transversely in the thick, central 90° ply, then in the other 90° plies, 
followed by delamination cracking in the same plies. The delaminations connected 
the transverse cracks and were attributed to a reduction in localised stresses 
adjacent to the transverse cracks leading to a redistribution of stresses within the 
ply. Finally, on increasing the stress further, matrix microcracks appeared in the 
0° plies and were seen to be independent of any previous cracking.
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Tensile and flexure experiments conducted by Beyerle et al (1992) on [0/90]4s 
configured Nicalon/CAS cross-ply composites produced the same initial damage 
as that reported by Wang and Parvizi. Cracking in the central 90° ply was at an 
applied tensile stress of 40 - 50 MPa and at 50 - 60 MPa for other 90° plies. No 
delamination cracking was observed, however, but on increasing the applied stress 
to 80 MPa the cracks in the 90° plies began to penetrate into the 0° plies with 
saturation occurring at approximately 170 MPa. Karandikar and Chou (1993) 
observed the features noted above, including limited delamination, on a variety 
of lay-ups, but suggested that the damage in the 90° plies had minimal effect on 
the evolution of matrix cracks in the 0° plies; Young’s modulus and Poisson’s ratio, 
however, were reduced significantly by the presence of transverse cracks.
2.4.2.2 Predictive models
Much of the early work on laminated composites was directed towards 
understanding the effect of tensile loading on cross-ply polymer matrix composites 
(PMCs). A  number of models were developed to describe the progressive matrix 
cracking in the 90° plies and evolved from either fracture mechanics (Garrett and 
Bailey, 1977, Ogin and Smith, 1985 and Laws and Dvorak, 1988) or strength-based 
(Manders et al, 1983 and Peters, 1984) approaches. Parvizi et al (1978) were the 
first workers using the former approach to show the dependence of transverse 
cracking on ply thickness, whilst Wang and Crossman (1980) attempted to unify 
the approaches by successful correlation of an analytical solution based on the 
concept of assumed material effective flaws, with experimental results. As noted 
by Pryce and Smith (1994), however, such models are not likely to be directly 
applicable to CMCs since there is simultaneous accumulation of damage in the 
0° and 90° plies of CMCs that is not observed in PMCs. This has been
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demonstrated by, for example, Piyce and Smith (1992), who compared progressive 
matrix cracking in both ply orientations in Nicalon/CAS composites (figure 2.15). 
Wang and Parvizi (1992) did find, however, that the strain to initiate cracks in the 
90° ply was an inverse function of the ply thickness, which was consistent with a 
statistical flaw distribution and in agreement with the constraint effect proposed 
by Parvizi et al. (1978) for PMCs.
Wang and Parvizi (1992) noted that the cracking behaviour in the 0° plies was 
very similar to that in the unidirectional Nicalon/CAS, hence, the model proposed 
by this group to account for the 0° ply cracking was that of Marshall et al (1985) 
for predicting matrix cracking in unidirectional ceramic matrix composites. 
Application of the analysis to the Nicalon/CAS system suggested that the matrix 
cracking stress approached a steady-state for a critical crack length of 49 pm; 
longer than the extension of the transverse cracks into the 0° ply. Wang and 
Parvizi inferred that the model of Marshall et al was applicable, therefore, as the 
cracks must have propagated from flaws inherent in the 0° plies.
Beyerle et al (1992) invoked a tunnelling crack mechanism in their analysis of the 
observed cracking features in the transverse plies. This process, which has been 
studied recently by, for example, Hutchinson and Suo (1991) and Xia et al (1993), 
and is shown schematically in figure 2.16, arises when pre-existing flaws that span 
the ply thickness propagate along the fibre direction perpendicular to the applied 
tensile stresses. The magnitude of the applied stress, oc, at which tunnelling 
cracks would be induced was related to the ply thickness by:
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"c = Ec[gVTIETt\1'2 - or(EJEt ) (2.14)
where Ec and Ep are the Young’s modulus of the composite and the transverse 
modulus of the ply, respectively; r T is the transverse fracture energy of the ply 
(*rm (1-Vf) where Vf is the fibre volume fraction) and oR is the residual stress 
within the ply due to processing. The term g is a tunnel crack parameter which 
is a function of the elastic mismatch between the longitudinal and transverse plies. 
The values, calculated by Beyerle et al (1992), of 40 and 60 MPa for transverse 
cracking in the central and outer 90° plies of their (0/90)3S laminate were 
consistent with their measured values. Piyce and Smith (1994), in analysing their 
previous crack density data (shown in figure 2.15), also determined the onset of 
matrix cracking to be at approximately 40 MPa. A  modified shear-lag model to 
predict the effect of progressive matrix cracking on stress-strain behaviour was 
proposed by these same researchers. The model underestimated the strain for a 
given applied stress, however, but this was attributed to the exclusion from the 
analysis of the effect of residual thermal stresses within the laminate and the 
effects of fibre fracture.
2.4.2.3 Cracking as a result of thermal treatments and mechanical loading 
The response of unidirectional fibre-reinforced CMCs to elevated temperatures 
and tensile stresses has been addressed in the literature (see §2.4.1.3), however, 
there has not been the same documented interest in the cross-ply system. Prewo 
et al (1989) performed tensile tests at elevated temperatures on cross-ply 
Nicalon/LAS. The profile of the stress-strain relationship for samples tested in 
an argon atmosphere at 1000 °C was similar to the room temperature curve, but, 
at 1000 °C in air, there was no initial linear section. The environmental effect on
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strength and strain to failure was also stressed by these researchers, although 
duration of the exposure to the elevated temperature was not indicated (figure 
2.17).
Despite the proposed high temperature applications of CMCs and the superior 
transverse mechanical properties of cross-ply laminates over the unidirectional 
material there appears to be no reported investigations into residual mechanical 
properties of these materials after exposure to thermal shock or thermal ageing.
2.5 CONCLUDING REMARKS
This review has covered the developing literature of a relatively new class of 
engineering materials, namely, ceramic matrix composites.
Due to their proposed application in high temperature environments the thermal 
stability of the composites, especially the interphase, has received much attention. 
Although it is recognised that these materials will be required to function at 
elevated temperatures there have been few investigations into the effect of 
thermal cycling to which components would be subjected. In particular, reference 
to thermal shock of fibre-reinforced CMCs was found to be limited, with just a 
few studies of unidirectional composites, whilst any theoretical understanding was 
based upon knowledge gained by research into monolithic ceramics.
The mechanical behaviour of the unidirectional and cross-ply materials at room 
temperature has been well documented. The stress-strain relationship was 
considered in terms of progressive matrix damage and a number of models have
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been generated in attempts to predict the cracking sequence; many of the models 
being developed from work on PMCs. Documentation for thermally treated 
samples, however, is limited. Early experimental studies were performed at 
elevated temperatures although, more recently, investigations on retained strength 
after thermal ageing have been reported.
Giyen the above it is necessary to investigate damage mechanisms under thermal 
loading in more detail, to compare these mechanisms with those seen under 
mechanical loading and to develop simple models to describe the behaviour.
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a) 'Tough' Composite b) 'Brittle' Composite
Figure 2.1 Typical stress/strain curves for a) tough and b) brittle fibre-reinforced 
composites.
Elastic Mismatch, a.
Figure 2.2 Effect of elastic mismatch on fibre debonding. [After Evans and 
Marshall, 1989.]
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Pull-Out: Dissipated:
Frictional Acoustic
Figure 2.3 Toughening contributions in a continuous fibre-reinforced CMC 
system. [After Evans and Zok, 1994.]
Strain x 10 3
Figure 2.4 Comparison of stress/strain curves for bending in glass and carbon 
fibre-reinforced glass. [After Bowen et al, 1972.]
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Hot press
Take-up drum
Figure 2.5 Schematic diagram of typical fabrication route for production of 
glass-ceramic matrix composites.
1 10 102 
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103
Figure 2.6 Tensile strength of Nicalon fibre after thermal exposure. 
[After Ishikawa, 1994.]
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Figure 2.7 Influence of oxygen content on a) tensile strength and b) Young’s 
modulus of SiC fibre after exposure at 1500 °C in an argon atmosphere.
[After Ishikawa, 1994.]
Temperature (°C)
Figure 2.8 Temperature dependence of thermal conductivity of some engineering 
ceramics. [After Davidge, 1979.]
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Figure 2.9 Stress reduction factor, A, against non-dimensional time for various 
values of the Biot modulus. [After Jaeger, 1945.]
T E MP ER AT UR E (DIFFERENCE. A  T
Figure 2.10 Dependence of heat transfer coefficient of water on temperature of 
solid surface. [After Singh et a l, 1981.]
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Temperature difference
Figure 2.11 Variation in crack length and strength for a ceramic subjected to 
thermal quenches. [After Hasselman, 1969.]
Figure 2.12 Distribution of stress across a beam in flexure. [After Steif and 
Trojnacki, 1994.]
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Figure 2.13 Dependence of matrix cracking stress on length of pre-existing flaws 
in unidirectional reinforced laminates. [After McCartney, 1987.]
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Figure 2.14 Crack density as a function of applied stress in unidirectional Nicalon 
reinforced CAS. [After Pryce and Smith, 1992.]
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* (0/90)3s + (0/90)3s * (0/90)s □ (0/90)s (p)
Figure 2.15 Grack density as a function of applied strain in a) 0° plies and 
b) 902° plies in cross-ply Nicalon/CAS. [After Pryce and Smith, 1992.]
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Figure 2.16 Schematic diagram of tunneling cracks in 90° plies. 
[After Beyerle et al, 1992b.]
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Figure 2.17 Tensile stress/strain curves for SiC/LAS tested at 1000 °C. 
[After Prewo et al, 1989.]
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3.1 MATERIALS
3.1.1 MONOLITHIC CAS
The monolithic material supplied by Rolls-Royce pic. for this project was a glass- 
ceramic from the ternary Ca0-Al20 3-Si02 system (figure 3.1). Electron probe 
microanalysis (see Section 3.2.3) confirmed the presence of the three metallic 
elements expected in this material (figure 3.2). A  fourth element, zirconium, was 
also identified and, as reported in the literature, for example by Davies et al 
(1993), this was probably included as a fine dispersion of Zr02 to enhance 
nucleation. These results supported the findings of a detailed study of a similar 
material by Bleay et al (1992), in which the material was identified as 
stoichiometric Ca0-Al20 3-2Si02, the anorthite phase of the system.
3.1.2 UNIDIRECTIONAL NICALON / CAS
This material was also supplied by Rolls-Royce pic. and consisted of a CAS matrix 
(described in 3.1.1) reinforced with tows of continuous silicon carbide fibres. The 
fibres were produced by the Nippon Carbon Co. as Nicalon fibres and were 
nominally 15 pm in diameter. The composite was manufactured by the processing 
route described in Section 2.2.3.1 to produce a plate of unidirectional material, 
([Oid), approximately 150 x 150 x 2.2 mm containing a nominal fibre volume 
fraction of 0.34, although a wide range of local volume fraction was clearly evident 
as shown in figure 3.3. Electron probe microanalysis indicated a similar matrix 
composition to the monolithic material (figure 3.4) but also included small
______________________________ Chapter 3: Materials and Experimental Techniques______________________________
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particles that were either aluminium or zirconium rich (figure 3.5). Both of these 
types of particle had been observed by Bleay et al (1992), where it was suggested 
that the aluminium-rich particles were probably ct-alumina. This may have been 
due to a small compositional shift towards the corundum phase, whereas the 
zirconium-rich particles were likely to be an agglomeration of the fine dispersion 
of the Zr02 found in the monolithic material. Figures 3.4(a) and 3.5(a) also 
indicate the variation in anorthite grain size due to the presence of fibres acting 
as preferential nucleation sites and the consequent appearance of the zirconia at 
the grain boundaries.
3.1.3 CROSS-PLY NICALON / CAS
The cross-ply material was of the same composition and produced by the same 
process as the unidirectional composite. Plates of two different configurations 
were supplied for the experimental studies. One plate, [02/904]s, consisted of a 
stack of eight plies (each ply approximately 180 pm thick) with the same fibre 
direction, sandwiched between double plies on each face oriented at 90° to the 
central laminate. The second plate was similarly constructed to produce a 
laminate with a [0/90]3S configuration. Both laminates, therefore, contained 12 
plies and were approximately 2.2 mm thick.
The nomenclature used to describe the orientations in both the unidirectional and 
the cross-ply material is generally related to the fibre direction. Figure 3.6(a) 
illustrates this for the cross-ply material in which the face of interest is described 
with reference to the central (thick) ply. The same directionality can be applied 
to the unidirectional reinforced material (figure 3.6(b)), where surface "1" is 
termed the end face; surface "2" is the side face and surface "3" is the top face.
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3.2 EXPERIMENTAL TECHNIQUES
3.2.1 SAMPLE PREPARATION
Samples for all the experimental work were cut to size from the supplied 
materials using a high-speed Diamant Boart, sliding-bed cutting machine fitted 
with a water-cooled 250 mm diameter cutting wheel coated with 200 pm diamond 
particles. Small samples (<20 mm long) were then embedded in Struers Epofix, 
a cold- curing epoxy resin, prior to polishing.
Polishing was performed using a Struers Planopol-2 polishing machine fitted with 
a Pedemax-2 rotating head. Two polishing jigs were used: one held 3 of the 
mounted samples and the other was a clamping device capable of holding 3 or 6 
samples, each up to 100 mm long. The polishing routine was devised in 
conjunction with Buehler Ltd. and consisted of 6 stages - 3 grinding and 3 
polishing, with ultrasonic cleaning between each stage. Details of the routine are 
given in Table 3.1. It was essential, however, in the first stage to remove at least 
500 pm of material since damage to the cut face caused by the sawing process was 
seen to penetrate up to 300 pm into the material.
On completion of the polishing process the tiles were sawn from the resin, cleaned 
in acetone to remove any residue, and dried before examination of the surface by 
reflected light microscopy. Inspection of the surface was necessary to check that 
the preparation, itself, had not introduced damage to the material. Where further 
faces of the sample were to be polished the embedding and polishing processes 
were repeated prior to final examination. Figure 3.7 shows the high quality of 
surface finish perpendicular to the fibre direction but the removal of sections of
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fibres with axes parallel to the polished face, and the associated matrix damage, 
is also evident. The degree of damage was exacerbated by mis-alignment or 
waviness of the fibres.
3.2.2 THERMAL TREATMENTS
All thermal treatments were carried out using a Wild Barfield electric muffle 
furnace fitted with a Eurotherm model 90 electronic temperature controller. 
Initial calibration of the controller was provided by inserting a stainless steel clad 
k-type thermocouple into the furnace at the sample site. The temperature of the 
thermocouple, displayed via a Eurotherm model 140 digital thermometer, was 
compared with the temperature indicated by the controller. The difference 
between the two values was found to be less than 1% over the range 100 - 800 °C.
The furnace was heated to a set temperature and, once a steady temperature had 
been attained, samples to be thermally treated were placed on alumina crucibles 
and inserted into the centre of the furnace. (It was found that the rate of 
temperature change in the sample caused by this method had no deleterious effect 
on the material properties). After a pre-determined time had elapsed either the 
furnace was turned off and the samples allowed to cool in the furnace ( thermal 
ageing experiments) or the crucibles were removed from the furnace and the 
samples plunged rapidly into a large quantity (>10 litres) of water at a 
temperature of 20 °C ( thermal shock experiments). It should be noted that 
throughout this study the quenching medium was maintained at 20 °C and the 
furnace temperature in all cases was, therefore, 20 °C higher than values given for 
temperature differentials (AT).
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3.2.3 MICROSCOPY TECHNIQUES
Reflected light microscopy (RLM) was carried out on all samples using a Zeiss 
Axiophot light microscope operating in bright-field mode. This was adequate for 
most observational purposes but the lack of resolution and, in particular, the small 
depth of field necessitated the use of other microscopy techniques.
For higher resolution imaging a Cambridge Instruments S250 scanning electron 
microscope (SEM) fitted with a KE Developments solid-state backscatter detector 
was used. To obtain sufficient resolution it was found to be necessary to operate 
the SEM at high potentials (>15kV). The samples were, therefore, susceptible 
to charging and a thin coating of carbon, produced by an Edwards 306 coating 
unit, was deposited onto the sample surface to minimise this effect.
Simple compositional analyses were undertaken by electron probe microanalysis 
(EPMA) using a JEOL ’Superprobe’, comprising a JEOL JXA8600 SEM with 
Tracor Northern TN5500 energy dispersive X-ray spectrometry. The samples for 
analysis were prepared in a similar manner to that described above.
Surface topographical examination of thermally treated or indented samples was 
performed using a Zeiss LSM30 confocal laser scanning microscope (CLSM). For 
the thermally treated composite an argon laser, of wavelength 488 nm, was used 
to image the surface. For true topographical information a thick coating of gold 
was deposited onto the surface of the sample, using an Edwards S150B sputter 
coater, to eliminate the effect of the difference in reflectivity between the fibre 
and matrix. Images of the indented samples were obtained using a 633 nm HeNe 
laser, without any treatment to the sample surface.
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3.2.4 MECHANICAL TESTING
3.2.4.1 Flexure testing
Flexure testing on samples of all the materials was performed using a three-point 
bend test rig that had been designed and built in-house (figure 3.8). The upper 
platen, to which the central loading point was rigidly attached, was fixed to the 
cross-head beam of an Instron 1195 Universal Testing Machine whilst the lower 
platen rested on the compressive face of an Instron 5kN load-cell type 2511-317. 
Attached to this platen were two supports, adjustable from 10 to 90 mm, which 
formed the span for the tests, and four guide pins for alignment purposes. The 
electrical outputs from the load-cell and the cross-head displacement were 
monitored by an internal chart recorder.
3.2.4.2 Indentation
Micro-indentations, ranging in load from 300 to 2000 gf, were applied via a 
Vickers profile diamond indenter to the monolithic CAS and the unidirectional 
composite using a Leitz "Miniload" microhardness tester. The loading time and 
the dwell time for all indentations were both approximately 15 seconds. Although 
the samples were only 2 -3  mm thick, and retained a sawn finish on the lower 
surface, the face to be indented was prepared to the same standard as that for 
other experimental purposes.
3.2.5 SURFACE ANALYSIS
X-ray photoelectron spectroscopy (XPS) was used to determine the composition 
of the top few nanometres of the thermally aged samples. The instrument was a 
V. G. Scientific Escalab Mkll X-ray photoelectron spectrometer, shown 
schematically in figure 3.9. The source of the X-rays was an aluminium target
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capable of generating Ka radiation of 1486.6 eV. These X-rays bombarded the 
sample, situated in an ultra-high vacuum environment (typically 10'10 mbar), and 
the resulting electrons emitted from the sample surface passed through a 
concentric hemispherical sector analyser (HSA) before being detected and 
counted by a channel electron multiplier (or channeltron). The output generated 
from the detector passed to a dedicated data analysis system supplied by V.G. 
Scientific and the results were plotted as spectra on a Hewlett Packard 7550A 
graphics plotter in the form of relative electron intensities against electron binding 
energies.
The samples for analysis, approximately 10 x 2 x 2 mm and prepared using 
standard metallographic procedures, were thermally aged and allowed to cool in 
the furnace to about 100 °C before being fixed to sample stubs by adhesive tape. 
The stubs were then transferred to the spectrometer chamber as quickly as 
possible in order to reduce the risk of airborne contamination.
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Table 3.1 Metallographic routine for surface preparation of samples.
Polishing/grinding
surface
Lubricant/diamond
spray
Preparation time 
(mins)
Struers 20 pm diamond 
Metal bonded
Water Until 500 pm of 
material removed
Struers 30 pm diamond 
Resin bonded
Water 30
Struers 10 pm diamond 
Resin bonded
Water 30
Buehler Metlap 2 Metadi 6 pm 
Slurry
30
Buehler Metlap 1 Metadi 1 pm 
Slurry
20
Struers DUR DP Spray V4 pm 
Alcohol
10
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Figure 3.1 Phase diagram of the ternary Ca0-Al20 3-Si02 system. 
[After Levin et al, 1956.]
Cr = 
Tri = 
Ps-W = 
Mul =  
Geh = 
Cor — 
Lime = 
Ano =
cristobalite
tridymite
pseudo wollastonite
mullite
gehenlenite
corundum
CaO
anorthite
CaO
59
Chapter 3: Materials and Experimental Techniques
(a)
0.000 VFS = 1024 10.240
100 MONOLITHIC CHS
(b)
Figure 3.2 a) Backscattered electron photomicrograph and b) energy dispersive 
X-ray trace of monolithic CAS.
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Figure 3.3 Reflected light photomicrograph of a polished cross-sectional surface 
of unidirectional Nicalon reinforced CAS showing uneven fibre distribution.
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0.000 VFS = 1024 5.120
100 MATRIX REGION
(b)
Figure 3.4 a) Backscattered electron photomicrograph and b) energy dispersive 
X-ray trace of matrix region in unidirectional Nicalon/CAS.
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(a)
(b)
S M R L L  PI_RTEL jE T
Figure 3.5 a) Backscattered electron photomicrograph of Nicalon/CAS and 
energy dispersive X-ray traces showing b) zirconium-rich and c) aluminium-rich
particles.
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surface 0° 
central 90°
(a)
(b)
Figure 3.6 Nomenclature for a) cross-ply and b) unidirectional laminates.
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(a)
(b)
Figure 3.7 Reflected light photomicrographs of polished surfaces of Nicalon/CAS 
showing a) high quality finish in transverse plies and b) fibre damage in
longitudinal plies.
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Figure 3.8 Three-point bend test rig.
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Figure 3.9 Schematic diagram o f an X -ray photoelectron spectrometer 
[A fter Watts, 1990.]
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O b s e r v a t io n s  o f  C ra c k in g  as  a  F u n c t io n  
o f  T h e r m a l  T r e a tm e n ts
4.1 I N T R O D U C T I O N
The use o f fibre-reinforced ceramic matrix composites in high temperature 
environments will inevitably involve an element of thermal cycling, ff the rate of 
temperature change is sufficiently large then components will be  subjected to a 
rapidly changing stress state due to the thermal shock process. A s  discussed in 
Chapter 2, thermal cycling in an aerobic atmosphere may also expose components 
to oxidative reactions. Evaluation of the behaviour o f C M C s over a range o f 
conditions, for example operating temperatures, the rate o f change o f the 
temperature and the duration o f the exposure time, is, therefore, o f paramount 
importance. Observation o f these materials after such thermal treatments is the 
main topic o f this chapter. M ost o f the work is concerned with unidirectional and 
cross-ply material but, as a precursor to this, experiments on the monolithic matrix 
material are also described.
Reflected light microscopy and scanning electron microscopy were used to 
examine the samples. However, these cannot provide local chemical analysis of 
the surface. This is a limitation, since the surface composition o f engineering 
materials often plays an important role in determining the suitability o f the whole  
material for specific applications. The composition o f the top few  nanometres 
may be  quite different to the bulk material due to interaction with the
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environment and so a knowledge o f this region is beneficial, particularly if it has 
been exposed to a severe environment. In the past 20 years there has been rapid  
growth in the analytical techniques available and one o f the most widely used is 
X-ray photoelectron spectroscopy (X PS ). Surfaces o f ceramic materials have been  
studied and elemental quantification achieved (e.g. Canesson, 1982). Silicates 
have also received considerable attention (e.g. Barr, 1983 and Watts, 1985) as has 
silicon carbide from  tribological studies (Miyoshi and Buckley, 1981 and A rbab i 
et a l , 1990). The final section of this chapter reports the findings o f X PS  studies 
o f the Nicalon/CAS system.
4.2 T H E R M A L  S H O C K  O F  M O N O L I T H I C  C A S
4.2.1 T E S T  P R O C E D U R E
Samples for thermal shock experiments were cut and polished from  the supplied 
material using the techniques described in section 3.2.1. The size of the prepared  
samples was approximately 10 x 2.2 x 2.2 mm (these dimensions were chosen to 
be comparable with the samples o f composite materials, the sizes o f which were  
limited in part by the dimensions of the plate) with two adjacent large faces 
polished to a high standard finish. A fter checking the samples by R L M  to ensure 
that the polished faces were free from any preparation damage, two samples w ere  
placed on an upturned alumina crucible and inserted into the muffle furnace that 
had been allowed to equilibrate at a pre-determined temperature. The samples 
were soaked at that temperature for 1 hr before the crucible was removed with 
tongs and the samples plunged rapidly into cold water. The temperature 
differential, AT , was successively reduced for pairs o f samples until cracking was 
no longer apparent. To enhance the contrast between the material and the
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cracks, samples were immersed in an aqueous solution o f silver nitrate for 30 mins 
and dried prior to observation by R L M .
4.2.2 E X P E R IM E N T A L  R E S U L T S
Therm al shocks with a temperature differential (A T ) o f 500 °C  or greater applied  
to the samples produced a network of cracks over the entire surface (figure 4.1). 
For thermal shocks below  this value the density o f cracks reduced until, at values 
o f A T  o f 380 and 360 °C, only one or two cracks were visible on the polished faces 
(figure 4.2). The occurrence o f cracks appeared to be sensitive to the presence 
o f surface flaws since each crack from the less severe thermal shocks appeared  
to emanate from preparation damage on the edges o f the sample. For samples 
shocked with A T  =  350 °C  no cracks were observed and hence the onset of 
cracking was considered to be at a temperature differential (A T )  o f 360 °C.
4.2.3 D IS C U S S IO N
The temperature differential to initiate cracks in the monolithic material is an 
important input parameter for modelling purposes and the conversion o f critical 
temperature difference to an applied stress value needs to be  made. Following 
the approach o f Buessem (1955), discussed in the literature review, the stress 
generated by an infinitely fast quench is :
= ETEa  (4.1)
( 1 - v )
From  the manufacturers figures an average value for Young ’s modulus, (E m), is 
90 GPa, the coefficient o f thermal expansion, (<xm), is 4.6 x 10'6 K '1 and Poisson’s 
ratio, (v ),  is 0.25 giving the stress due to thermal shock from 380 °C  as 200 M Pa.
___________ Chapter 4: Observations of Cracking as a Function of Thermal Treatments___________
70
Chapter 4: Observations of Cracking as a Function of Thermal Treatments
A s noted previously this quench rate is unrealistic. Hence further investigations 
were necessary to provide a suitable value for A , the stress reduction factor in :
_ A A TE a  (4.2)
“ (1 — v )
Davies et a l  (1993) performed a series o f three-point flexure tests on a monolithic 
C A S  material and obtained a mean value for the bend strength o f 290 M P a  and 
a W eibull modulus o f 5.37. Using the relationship between ultimate tensile 
strength (U T S ) and bend strength (M O R ):
^  = [2 (m + l ) 2] 1"" (4-3)
U I ij
and assuming comparable sample volumes, the bend strength can be converted 
into a tensile strength value o f 128 M Pa. Since the material is isotropic and it can 
be assumed that there are no residual stresses the mechanically applied stresses 
can be  equated with those due to the thermal shock process. This gives a value 
of 0.64 for the stress reduction factor for monolithic CAS. The limited amount 
o f thermal data available (e.g. Morrell, 1989) suggest that a suitable value for the 
thermal conductivity (k ) o f a glass-ceramic is 1.8 W  m '1 K '1 but that values for the 
heat transfer coefficient (h ) for the water quench test range between 6,000 and 
60,000 W  m'2 K"1. W ith  a value of 1.1 mm for the characteristic length (a )  the 
Biot modulus (ah/k) becomes 20 ±  16. This value is comparable to a minimum  
value o f approximately 20 calculated by Jaeger (1945) to be  necessary to obtain 
a stress reduction factor o f 0.64 for a rod o f circular cross-section.
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4.3 T H E R M A L  S H O C K  O F  U N I D I R E C T I O N A L  N I C A L O N  
R E IN F O R C E D  C A S
4.3.1 O B S E R V A T IO N S  O F  D A M A G E  O N  E N D  F A C E S
4.3.1.1 Test Procedure
Several variations in sample geometry were investigated. Firstly, the plates w ere  
cut to produce tiles 10 x 10 x 2.2 mm (the latter dimension corresponding to the 
thickness o f the supplied material). Some tiles were then sectioned parallel to the 
fibre direction to produce cuboids, with a 2.2 mm square face. For further size 
effect tests the lengths of samples o f the above cross-sections were changed to 
provide sets o f samples ranging in length from 2.2 to 15 mm. Cross-sectional 
faces, perpendicular to the fibre major axis, were polished to a 1 pm finish using 
the technique described in section 3.2.1.
Samples were thermally treated in a similar way to that described for the 
monolithic C A S  above (see §4.2.1), although some were exposed to the elevated 
temperature for an extended period o f time. These tests were repeated for a 
range o f values o f A T  (furnace temperature - room  temperature). A fter  
examination some of the samples were ground back from the polished surface to 
obtain a crack profile. This was accomplished by manually polishing on rotating 
500, 1000 and 2000 grit silicon carbide papers, to produce surfaces at intervals o f  
approximately 50 - 100 pm  below  the previous surface, suitable for viewing by 
R L M . The crack length and position were measured with the aid o f an eyepiece 
graticule.
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4.3.1.2 Results
The initial experiments w ere conducted on the largest samples and for 
temperature differentials below  300 °C  there was no discernible change in the 
sample. A t  greater temperature differentials, debonding o f fibres became  
apparent and at 400 °C  a single, fine crack was observed. This crack traversed 
most o f the polished surface, centrally between the two large faces, and was 
contained in a fibre-rich area (figure 4.3). O n  increasing the severity o f the 
downward thermal shock the crack opening displacement increased, approaching 
one fibre diameter at 800 °C. A t  these elevated temperatures the introduction o f 
fine, random cracks perpendicular to the major axis were also evident (figure 4.4).
Observations on samples that had been thermally aged at 400 °C  for 1 hr and 
then thermally shocked indicated that debonding of fibres occurred in fibre-rich  
areas o f the surface o f the composite. Series o f single debonds appeared to be  
connected in an almost "string-like" manner of varying orientation. A s the severity 
o f the thermal treatment increased the degree o f debonding in the fibre-rich areas 
reduced greatly until at high temperatures (e.g. 800 °C ) these areas were devoid 
o f any apparent debonds. However, at temperatures above 600 °C, debonding in 
matrix-rich regions became evident. These debonds were predominantly o f 
isolated fibres within the matrix although fibres bordering fibre-rich regions w ere  
also affected. The trends in cracking and debonding in the end face o f the 
unidirectional Nicalon/CAS composite are summarised in Table  4.1.
Observations and measurements made during the grinding stages indicated that 
the major crack profile was approximately semi-circular, emanating from  the 
centre o f the polished surface (figure 4.5a). M ore  severe thermal shocks
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generated cracks which traversed the whole length o f the original surface and 
penetrated several millimetres into the end of the sample (figure 4.5b). The  
small, perpendicular cracks, however, did not extend more than 300 pm into the 
bulk o f the material.
The reduction in the cross-sectional area had no discernible effect on the crack 
pattern. It was observed, however, that there was a length o f sample in the 
direction of the fibres below  which no crack was visible for a given thermal shock, 
A T ; this minimum length decreased as A T  increased. For a given AT, increases 
in length beyond the threshold length did not change the pattern o f cracking but 
the major crack was observed to have a larger crack opening displacement. 
Figure 4.6 summarises the effect o f sample length on the crack opening 
displacement o f the major crack on the end face when the unidirectional material 
is subjected to thermal shocks o f various severities.
Extending the time for which the samples were held at the elevated temperature 
appeared to lead to a reduction in the degree o f cracking caused by the 
subsequent thermal shock, e.g the appearance o f the crack produced after thermal 
ageing samples for 60 hrs and then thermal shocking from  a temperature 
differential (A T )  o f 600 °C  was similar to that o f samples thermally aged for 1 hr 
prior to shocking with a A T  o f 500 °C . However, from the limited number o f 
examples investigated, it appears that the maximum effect o f the longer soak is 
attained within a few  hours and does not reduce the crack width to less than that 
commensurate with a thermal shock produced by a A T  of 50 - 100 °C  lower.
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4.3.1.3 Discussion
The observed pattern o f cracks is different from the arrangement that would be  
expected in a monolithic ceramic in which cracks tend to grow inwards from  the 
surfaces (Davidge, 1979). Possible reasons for this difference in behaviour have 
been considered. O n  the macroscopic level the material can be  described as a 
layered structure o f alternate fibre and matrix rich planes (figure 4.7). These have 
different elastic and thermal properties and hence respond differently to thermal 
shock, which may give rise to either a peeling or sliding effect. O n  a microscopic 
scale tensile matrix hoop stresses exist around the fibres at the surface o f the 
material as a result o f the mismatch in coefficients o f thermal expansion. These  
are greater than the axial or radial stresses and increase in magnitude with 
increasing fibre volume fraction (Powell et a l  1993). These microscopic stresses 
are superimposed onto the macroscopic stresses giving rise to a through-thickness 
stress which is greater than stresses in other directions (figure 4.8). The overall 
stress distribution is, therefore, a combination of stresses due to thermal shock 
and the material fabrication process. In the paragraph which follows, the 
microscopic stresses are considered in more detail.
For a thermal shock with a temperature differential o f 400 °C  the magnitude o f 
the thermally generated stress in the matrix can be estimated using equation (4.2) 
to be 110 M Pa; assuming a value for the stress reduction factor for the matrix in 
the composite to be  0.5 (see §4.3.2 for determination of stress reduction factor in 
Nicalon/CAS composite). The residual stress within the composite is more 
difficult to determine, however, since it comprises matrix hoop and radial stresses. 
From  the model o f Powell et a l  (1993) the maximum tensile hoop stress for a 
fibre volume fraction o f 0.34 will be  130 M Pa, and the compressive radial stress
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will be 65 M Pa. If a representative value o f residual tensile stress across the path  
taken by the crack is 100 M P a  at room  temperature, then this will be  reduced to 
65 M P a  at a furnace temperature o f 420 °C, giving a total stress o f 175 M P a  at 
the initiation o f cracking. Assuming a similar level o f stress is necessary to 
introduce cracks at room  temperature then, for a residual stress o f 100 M Pa, the 
applied matrix stress would need to be 75 M Pa. This level o f residual stress 
results in reasonable agreement with the manufacturer’s value o f 60 M P a  for the 
transverse strength o f unidirectional reinforced Nicalon/CAS and, as expected, is 
lower than an experimentally determined value o f 128 M P a  obtained by Davies 
et a l  (1993) for the tensile strength o f monolithic CAS. Although the above 
arguments are approximate it is interesting that such reasonable numbers result 
since the macroscopic peeling stresses envisaged above have been ignored. Once  
the major crack has formed these through-thickness stresses are relieved in the 
vicinity o f the major crack but the stresses parallel to this crack remain. M inor 
cracks then form  perpendicular to the major crack in response to these stresses.
The maintenance o f a similar crack pattern after the reduction in size to cuboids 
suggests that differential heat loss between large and small faces is not a 
controlling factor. The results presented in Table 4.1 indicated that a change in 
crack path geometry was observed with increasing severity o f thermal shock. This 
effect may arise as a consequence o f changing interfacial shear strength and 
dynamic crack growth. A t  low temperature (400 °C ) there will be a relatively 
small driving force for crack growth and little change to the interface. The crack 
will attempt, therefore, to follow the weak interface between the fibre and matrix 
until the magnitude o f the residual hoop stresses, due to the close proximity o f an 
adjacent fibre, provides a favourable path for the crack to proceed. A s  the
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severity o f the thermal treatment increases the interface will become weakened  
(due to the oxidation o f carbon), the envisaged peeling/sliding stresses will 
increase and crack propagation will be more energetically favourable. Since the 
increase in applied stress will be greater than the reduction in interfacial shear 
stress the overall combined effect o f these changes will be  to promote linear crack 
growth. The formation of silica bridging at the highest temperatures used in this 
study would be expected to strengthen the interface and to enhance, further, the 
straightening of the crack path. Hence at more severe thermal shocks the crack 
path is noticeably less interfacial.
The variation in crack opening with the change in sample length may be explained 
simply by suggesting that the opening angle remains constant but the contraction 
of the surfaces parallel to the fibre direction are proportional to the original 
sample length.
The macroscopic stresses imposed by a constant A T  on the samples subjected to 
extended ageing prior to thermal shock will be  unaltered. Thus, the change in 
behaviour must be as a consequence o f changes in the microscopic stresses and/or 
a change in response of the material to the imposed stress state. A  re ­
arrangement o f the microstructure may result in a change of, say, Young’s 
modulus and hence microscopic stresses or a change in the interface, such as the 
onset o f silica-bridging, may strengthen the material. O f  these possibilities it is 
suggested that the latter is more plausible.
A fter thermal shocking from low temperatures the observed debonding o f fibres 
in the fibre-rich areas may be attributed to a partial release o f interfacial shear
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stress associated with minor cracking features. This reduced clamping effect may 
allow the release of the compressive stresses on the fibres, produced as a result 
o f the mismatch in thermal expansion coefficients during fabrication o f the 
composite.
The omission o f this type o f debonding at thermal shocks from  higher 
temperatures may be due to a greater release o f stress at the major crack faces. 
The energy used in the formation of new faces may inhibit cracking in other areas, 
thus retaining the integrity of the remainder o f the sample. The appearance of 
fibre debonding in the matrix-rich regions is also apparent in the absence o f 
thermal shock and hence may be considered as being produced as a result o f the 
thermal ageing process. Since residual stresses are smaller in areas o f low fibre 
volume fraction, i.e. matrix-rich, debonding may occur, preferentially, in these 
regions. Debonding is then observed as a result o f a reduction in both residual 
stresses and the interfacial shear stress associated with oxidation o f the carbon- 
rich interphase at elevated temperature. The formation o f silica bridging will not, 
o f course, affect this process since the fibres will have been released before the 
silica forms. However, the penetration o f oxygen into the composite will 
determine the amount o f carbon removed prior to any silica formation and will, 
therefore, influence the length o f fibre protrusion. Therm al ageing is discussed 
further in §4.5.2.
4.3.2 O B S E R V A T IO N S  O F  D A M A G E  O N  S ID E  F A C E S
4.3.2.1 Test Procedure
Three orthogonal faces o f the large samples (10 x 10 x 2.3 m m ) were polished to 
a 1 pm finish and then viewed by R L M  to ensure that the polishing procedure
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had not introduced cracks into the matrix o f the material. The samples w ere  
subjected to the same thermal regimes as described above resulting in cracking 
in the matrix perpendicular to the fibre direction. The large, polished faces were  
then systematically scanned by R L M  to enable an average crack spacing to be  
determined. A n  eye-piece measuring graticule was used in conjunction with a 20x 
objective lens to obtain crack counts and this gave a reading o f 100 on the 
graticule scale for 500 pm  distance on the surface of the sample. The sample was 
positioned so that a matrix-rich region at least 5 mm long could be traversed by  
using the stage control. The number o f cracks bisected by the scale were counted 
and the sample moved 500 pm parallel to the fibres so that cracks in the adjacent 
matrix could then be  counted. This procedure was repeated until the number of 
cracks over a distance o f 5 mm on the sample had been recorded. The sample 
was repositioned on another matrix-rich region and the crack counting repeated. 
The complete procedure was repeated up to 10 times to enable an average crack 
spacing and hence crack density (the reciprocal o f the average crack spacing) to 
be determined.
4.3.2.2 Experimental Results
Observations o f the large surfaces of a range of samples thermally aged and 
quenched after lh r from temperature differentials (A T ) below  400 °C  suggested 
that such cycles did not lead to any surface cracks. For thermal shocks with a 
temperature differential o f 400 °C  the large face exhibited a few cracks o f various 
orientations; some through the matrix and perpendicular to the major fibre axis 
whilst others appeared to follow the contours o f sub-surface fibres. (The position 
of fibres just below  the surface was made visible due to the slightly translucent 
appearance o f the C A S  when imaged through the focused light source o f the
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reflected light microscope). A s  the severity o f the thermal shock increased the 
spacing between the perpendicular matrix cracks was seen to vary as shown in 
Table  4.2.
4.3.2.3 Discussion
The results indicated a minimal effect on samples shocked below  400 °C , a steep 
increase in matrix crack density between 500 °C  and 800 °C, then a decrease 
above this temperature. The low temperature results can probably be explained 
by noting that the severity o f the thermal shock was not sufficient to cause 
multiple cracks. The occurrence of cracks associated with the sub-surface fibres 
was probably due to tensile matrix hoop stresses generated around fibres when the 
composite cooled. Powell et a l  (1993) calculated these stresses, due to the 
mismatch in coefficient o f thermal expansion between the fibre and matrix, to be  
in excess o f 100 M P a  at room  temperature; these will decrease with distance into 
the matrix from the fibre but any fibres sufficiently close to the free surface will 
render the matrix susceptible to cracking. Matrix cracks were also observed by  
Kagawa et a l  (1993) in thermally shocked unidirectional reinforced Nicalon/LAS  
composites but, since the matrix hoop stresses will be compressive for this system, 
they concluded that the cracking was due to thermal expansion anisotropy o f a 
ciystalline phase formed in the matrix at elevated temperatures.
The large increase in crack density at intermediate temperatures is partially due 
to greater thermal stresses induced by the thermal shock. The effect o f increased 
temperature also causes oxidation of the exposed interfacial carbon and this 
reduces the interfacial sliding resistance (Lewis et a l ,  1992), thus negating benefits 
that may have been derived from the reinforcing fibres. This effect is shown in
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figure 4.9 where the interfacial bonding between fibres and matrix is too weak to 
prevent the matrix from cracking around the fibres. The observed reduction in 
the effect of the shock at the highest temperatures is commensurate with the 
formation o f strong, silica bridging between the matrix and the fibres. This strong, 
but brittle interphase increases the sliding resistance sufficiently to render the 
composite notch-sensitive so that when matrix cracking does occur the fibres are 
also fractured (figure 4.10).
The onset o f matrix cracking is apparent at a A T  of approximately 400 °C  but it 
is not trivial to convert the thermal shock data into stress values. A n  important 
feature, which is absent in the monolithic material, is the residual stresses 
introduced into the composite during fabrication caused by the mismatch in the 
coefficients o f thermal expansions between fibre and matrix. Calculations have 
been perform ed to determine the values o f the residual matrix stresses parallel to 
the fibres using the model o f Powell et a l  (1993) and these values are added to 
the values o f the applied thermal stresses due to the thermal shock process, 
calculated from equation (4.1), to give a total matrix stress. Examples o f these 
matrix axial stresses generated for various thermal shocks are depicted in figure 
4.11. For a temperature differential o f 400 °C  the residual tensile stress is 
calculated to be 57 M P a  (this assumes a stress-free processing temperature of 
1200 °C ) and the applied stress for an infinitely fast quench is 222 M P a  giving a 
total matrix axial stress o f 279 M Pa.
From  the literature (e.g. Pryce and Smith, 1992, Beyerle et a l ,  1992 and Powell 
et a l ,  1993) an average value for residual matrix axial stress is 80 M P a  (H arris et 
a l  (1992) predicted 140 M P a  but their method of analysis was erroneous). A
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value for the applied stress to initiate matrix cracks at room  temperature can be  
determined from representative literature values for mechanically applied  
composite stresses. A  typical value quoted for composite stress is 120 M P a  (Pryce  
and Smith (1992) obtained an experimental value o f 96 M P a  and Beyerle e t a l  
(1992) obtained 130-150 M P a ). By using the constant strain relationship:
where a is applied stress, E  is Young’s modulus and m and c refer to matrix and 
composite respectively, the applied matrix axial stress required to initiate matrix 
cracking becomes 87 M Pa; giving a total matrix stress o f 167 M Pa. The calculated 
value o f 279 M P a  for the total matrix stress is high but o f course this calculation 
assumes an infinitely fast quench. The total stress to initiate a crack in the matrix 
should be  the same whether applied thermally or mechanically. Residual stresses 
will obviously remain in the material but at 420 °C  these are reduced to 57 M P a  
and if the modified equation o f Buessem is used (eqn. 4.2), in which the stress 
reduction factor "A " is introduced, the applied thermal stress in the matrix can be  
reduced to approximately 110 M P a  by giving "A " the value 0.5, and the total stress 
becomes 167 M Pa. This assumed value for A  is not unreasonable when the 
problems of assigning a value to the Biot modulus are considered. Therm al 
conductivity o f the silicon carbide fibres is expected to be higher than for the 
monolithic C A S  (M orrell, 1989 suggests 11.6 W  m '1 K '1 for pure p-SiC ). Hence, 
for a fibre volume fraction o f 0.34, a value for k o f 4 W  m '1 K"1 would lead to a 
Biot modulus o f 9 ±  7.5. This is in good agreement with a Biot modulus value 
o f 10 that Jaeger determined to be necessary to give a stress reduction factor of 
0.5.
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The same procedures can be followed to obtain the stresses associated with the 
crack density measurements o f Table 4.2. These matrix axial stress values are  
shown in Table 4.3 and are compared with the matrix stress values calculated 
from  the data o f Pryce and Smith (1992) for crack densities as a function o f 
composite stress on the same material when subjected to mechanical tensile 
stresses at room  temperature. Comparison of the two complete sets o f results 
(figure 4.12) indicate quite good correlation between crack densities and total 
matrix stresses below  210 M Pa. A t higher levels of stress the crack density 
continues to increase up to a plateau o f 7 mm'1 for the mechanically applied loads 
whereas, cracks due to thermal stresses reach a peak o f 4 mm'1 at 250 M P a  
before reducing beyond this level o f matrix stress.
This effect is consistent with the changing interfacial properties of the composite 
with temperature. Crack density measurements o f between 1.5 and 2.5 m m '1 are  
associated with thermal shock temperature differences o f 500 - 600 °C. A t  these 
temperatures it is conjectured that the interface is likely to be  weakened by the 
oxidation of carbon leading to reduced load transfer from the matrix to the fibres.
The plateau for the high mechanically applied stresses is set by the saturation 
matrix crack spacing, which is a function of the transfer length (see §6.3.2.2) for 
shedding the load back from the fibres to the matrix. For the same thermally 
applied stress levels the temperatures are greater than 800 °C  and silica bridges 
are expected to form  between the fibre and matrix. This bridging provides a 
strong bond between the fibre and the matrix, leading to a greater interfacial 
shear strength than the carbon-rich interphase and should result in shorter 
transfer lengths with a consequent increase in matrix crack density. However,
83
Chapter 4: Observations of Cracking as a Function of Thermal Treatments
figure 4.12 indicates a decrease in matrix crack density after thermally shocking 
from  elevated temperatures. It is suggested that this observed effect may be  
attributed to the increased strength o f the interphase requiring an increase in 
applied stress to initiate cracks; these cracks occur, therefore, where the fibres are 
weakest and crack spacing is more dependent on the fibre properties.
In addition to possible interfacial effects discussed above there may be  an effect 
due to a variation in "A", as a result of a change in the heat transfer rate between  
the hot sample and the quenching medium, which may contribute to the apparent 
different response o f the material to mechanically or thermally applied stresses. 
A s shown by the data in figure 4.12 the crack density produced by a total matrix 
axial stress o f 210 M P a  was the same whether produced by mechanical means 
(Pryce and Smith, 1992) or generated thermally, as in this study, by shocking the 
samples with a temperature differential (A T ) of 600 °C  and taking A  to be  0.5. 
By comparing other crack densities produced in these investigations the apparent 
variation in the stress reduction factor can be calculated to enable the total matrix 
stress applied thermally (thermal shock +  residual thermal stress) to be  equated 
with the mechanically applied plus residual thermal stress. There is a clear trend 
in the variation o f values for "A " with thermal shock temperature differential as 
shown in figure 4.13. Comparison with figure 2.10 reveals a possible trend from  
a nucleate boiling regime at low temperatures to one in which a film o f steam  
envelopes the sample, progressively reducing the heat transfer rate, at higher 
temperatures. It is proposed, therefore, that a complex relationship exists 
between crack density and thermally induced modifications to interfacial 
properties and/or a change in the heat transfer rate with severity of thermal shock 
and is a plausible explanation for the observed trends in matrix crack density.
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4.4  T H E R M A L  S H O C K  O F  C R O S S - P L Y  N I C A L O N  
R E IN F O R C E D  C A S
4.4.1 T E S T  P R O C E D U R E
T w o different lay-ups, [02/904]s and [0/90]3s, were used to investigate the effect of 
thermal shock. Experiments were carried out mainly on tiles 7 x 7 x  2.2 mm  
which had been sectioned from supplied plates of the materials and then polished 
on two adjacent small (2.2 mm thick) faces in accordance with the standard 
techniques described in section 3.2.1. The basic procedure used for the monolithic 
material was employed to produce downward thermal shocks and the polished 
faces examined initially by R L M  and subsequently by SE M . A  limited number o f 
tiles 7 x 2.2 x 2.2 mm, with the central 90° ply (i.e. face 1 in figure 4.14) 2.2 mm  
long, were also tested.
4.4.2 E X P E R IM E N T A L  R E S U L T S
The description o f ply damage given in the following section should be  read in 
conjunction with the schematic diagram o f cross-ply lay-up shown in figure 4.14.
4-4.2.1 [02/904]s
The large samples o f thermally shocked [O ^O Jg composite displayed no apparent 
surface cracking damage for temperature differentials below  A T  *  400 °C. The  
initial damage, at A T  =  400 °C, was observed to be sustained by the thick, central 
90° ply in face 1 and appeared as a single crack parallel to the large faces but 
reduced in crack opening displacement as it approached the centre o f the face. 
This crack appeared to continue along the same ply in face 2 for no m ore than 
200 pm. Other damage to face 2 consisted of a few fine cracks in the outer plies,
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also parallel to the large faces, and short cracks just crossing the interface 
between plies. D ue  to the poor consolidation o f areas o f the samples these minor 
features may have been caused by sub-surface or preparation damage. O n  
increasing the severity o f the thermal shock to a temperature differential (A T )  o f 
600 °C  these same features became more pronounced with some additional, 
perpendicular matrix cracking in the thick 0° ply o f face 2 whilst the major crack 
extended throughout the lengths o f both faces (figure 4.15). Thermally shocked 
samples with the smaller cross-section exhibited similar crack patterns.
4 .4 .2 2  [0/90L
For the [0/90]3s composite damage was observed for temperature differentials 
greater than 350 °C. A t  that value all cracking occurred in the 90° plies and was 
almost exclusively confined to the thick central ply in face 1, where a single crack 
traversed along the fibre-rich regions, similar to the [02/904]s composite; minor 
cracks o f similar orientation were also observed in some o f the adjacent 90° plies 
in this face. Face 2 and all 0° plies in face 1, however, did not incur surface 
damage from a thermal shock o f this severity. A t A T  =  400 °C  and above, the 
major crack extended into the central 0° ply in face 2 and crack opening 
displacements were seen to be greater near the corners o f the sample. O n  
increasing the severity o f the thermal shock further, longitudinal cracks w ere  
observed in other 90° plies in both faces, although the outer plies and the thinner 
0° plies remained intact for all furnace temperatures up to 720 °C.
Matrix-type cracks perpendicular to the ply direction were visible for thermal 
shocks above A T  =  400 °C. M ost cracks were associated with the 0° plies and 
were either contained within the ply or just crossed the interface and penetrated
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into the 90° plies by one or two fibre diameters (figure 4.16). Increasing the 
severity o f the thermal shock to A T  =  500 °C  led to some cracks completely 
crossing the 0° plies but still only entering the 90° ply for a short distance. For  
thermal shocks with a temperature differential o f 600 °C  cracks were seen to 
penetrate further into the 90° plies where some were arrested by the longitudinal 
cracks (figure 4.17). The matrix crack density increased with increasing 
temperature differentials but cracks became less frequent towards the large, upper 
and lower surfaces o f the sample.
4.4.3 D IS C U S S IO N
4.4.3.1 [0/90J,
The cracking pattern generated by low temperature (A T  =  400 °C ) thermal shocks 
in the central 90° ply o f the [02/904]s composite exhibited similar features to that 
observed on the end face o f the unidirectional Nicalon/CAS material. It is, 
therefore, suggested that the same mechanisms operate in the two composites 
and that similar stress distributions and magnitudes may result in the observed 
effects. 7
Whilst the outer plies appear to have little effect at this temperature, an observed  
increase in crack opening displacement at the corners o f the sample (relative to 
the centre o f the face) for more severe thermal shocks may be attributed to these 
plies. The depth of the major crack in the 90° ply of face 1 may be of the order 
o f several millimetres (§4.3.1) hence there is a reduced constraining effect o f this 
ply, allowing the outer plies to attempt to contract in a similar manner to the 
unidirectional material by peeling or sliding. O n  increasing the severity o f the 
thermal shock further, the occurrence o f a crack along the whole length o f the
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central 0° ply in face 2 may then be attributed to the dynamic extension o f this 
existing crack.
4.4.3.2 [0/90]3s
The cracking features displayed by the [0/90]3s composite were only slightly 
different to that shown by the [02/904]s material. The temperature differential for 
crack initiation o f the central 90° ply in face 1 was 50 °C  lower, however, and may 
be explained in terms o f the stacking sequence o f the laminates. O n  being 
subjected to thermal shock the more even distribution o f 0° plies in this face 
(com pared to the [02/904]s lay-up), hence stiff fibres oriented perpendicular to the 
90° plies, are not confined to the surfaces. This modifying effect of the 0° plies 
does not occur in the [02/904]s configuration since the central 90° ply is too thick 
( «  1.5 mm ) to be constrained by the outer 0° plies.
Cracking in other 90° plies appeared to be dependent upon the local fibre volume 
fraction. W here  this was low in the central ply but high in an adjacent 90° ply, the 
combined effect o f the thermal stresses, due to the thermal shock, and the 
increased residual stresses would result in preferential cracking o f the thinner ply.
It is suggested that the observed cracking o f the matrix in the transverse direction 
o f the 0° plies prior to that in the 90° plies o f the [0/90]3s laminate is due to 
residual thermal stresses induced in the composite during the fabrication process. 
Results obtained in Section 4.3 demonstrated that a similar temperature 
differential was necessary to create cracks in both the side and end faces o f  
unidirectional Nicalon reinforced C A S  by thermal shock. The thermally applied  
stress was found to be 110 M P a  for either fibre direction (equivalent to a
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temperature differential o f 400 °C ) and, when added to the residual stress, gives 
a value 167 M P a  for the total stress required to initiate cracking in the 0° plies 
and a value of 175 M P a  for the onset o f cracking in the 90° plies on the end faces. 
Similar stress levels may be required to induce the same effects in the cross-ply 
composite. Since the applied thermal stresses will be  the same for both  
orientations it is suggested that the magnitude o f the residual stresses will be  the 
determining factor. For [0/90]s configured Nicalon/CAS, Pryce and Smith (1994) 
calculated the residual stress in the 90° ply to be 23 M P a  (tensile) at room  
temperature (for this orientation the value is assumed to be  representative o f the 
matrix stress) and obtained a value for the matrix axial stress o f 58 M P a  (tensile) 
within the 0° ply. A t  the onset o f matrix cracking (A T  =  400 °C ) the total matrix 
axial stress in the 0° plies is expected to be 110 +  (58 x 780/1200) =  150 M P a  but 
170 M P a  (110 +  (93 x 780/1200)) in the 90° ply. (Determination o f the residual 
stress in the 90° ply is considered in detail in Chapter 5). These results suggest 
that cracking would occur, preferentially, in the 90° plies. However, cracking 
parallel to the ply direction in the 90° plies had been observed after quenching 
from  a lower temperature (A T  =  350 °C ) and this mayitave resulted in a release  
of residual stresses. The observed cracking pattern may then occur in response 
to the modified stress field.
4.5 T H E R M A L  A G E I N G  O F  M O N O L I T H I C  A N D
U N I D I R E C T I O N A L  N I C A L O N  R E IN F O R C E D  C A S
4.5.1 M O N O L IT H IC  C A S
4.5.1.1 Test Procedure
Samples o f monolithic C A S  material were prepared and thermally treated as
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described previously (§4.2.1) except that the quenching stage was replaced by 
allowing the samples to cool slowly in the furnace. Ageing temperatures ranged  
from  150 to 750 °C.
Surface analysis o f the samples was undertaken using a V . G . Scientific Escalab  
M k.II X -ray photoelectron spectrometer, as described in section 3.2.5. The  
electrons emitted from the sample travelled towards the analyser where they were  
filtered so that only those o f an energy that matched a pass energy (20 or 50 e V  
for this investigation) were detected and counted by the electron detector. Results 
of the analysis were presented in the form of spectra of relative electron 
intensities against electron binding energy. Binding energy (E b)  is a characteristic 
o f an element and also provides information about its chemical state. It is not this 
energy that is measured directly, but the kinetic energy (E k)  o f the electrons. 
This, however, is readily converted by the data analysis system using the 
relationship :-
E b =  hv - E k - (o
where hv is the X -ray photon energy and <o is the w ork function o f the 
spectrometer.
4.5.1.2 Experimental Results
Observations by R L M  o f thermally aged samples revealed surfaces devoid o f any 
cracks indicating that no significant stresses were generated during slow cooling.
A n  example survey spectrum generated from the experimental X PS  studies is 
shown in figure 4.18 for a range o f binding energies up to 1000 e V  for monolithic 
C AS. This indicated that the main elements present were aluminium, silicon,
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calcium, oxygen and carbon. The first four were to be expected from  the 
composition o f calcium aluminosilicate and carbon is almost always present in 
analysis by X PS  since it can be  derived from  many sources as contamination. A  
higher resolution scan of, for example, the silicon 2p peak (figure 4.19) was 
analysed to give a peak area and when this analysis was applied to the other y 
elements also, the areas were converted to atomic percentages as shown for 
example, in Table 4.4 for samples thermally aged for 1 hr at 750 °C. Results for 
the monolithic C A S  heated to three different temperatures were analysed by this 
method to give the atomic percentages shown in figure 4.20.
The elemental composition (atomic % ) o f stoichiometric anorthite was calculated 
using the relationship:
A t % [A] ■ Wt % [A] I f  Wt % [A] + Wt % m  \
Ram [4 ] / \ Ram [A] Ram [£ ] )
where R am  is the relative atomic mass o f each element. The calculated 
composition is shown in Table 4.4.
4.5.1.3 Discussion
By comparing the calculated values with those obtained experimentally from  the 
X PS  analysis o f monolithic C A S  (figure 4.20), and allowing for the additional 
carbon, the surface composition was seen to be very similar to that o f the bulk  
material and remained unaltered up to the maximum test temperature o f 750 °C ; 
confirming the good high temperature stability o f this glass ceramic.
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4.5.2 U N ID IR E C T IO N A L  N IC A L O N  R E IN F O R C E D  C A S
4.5.2.1 Test Procedure
Tw o shapes o f specimen prepared for these tests were, firstly the standard cuboids 
and subsequently, specimens with polished faces 10 x 2.2 mm perpendicular to the 
fibre direction, but only 3 mm long. Since the area of interest in the composite 
was the cross-section through the fibres the second shape was chosen to present 
a large area of exposed fibre ends for observation and analysis.
Samples were placed into the furnace at a pre-set temperature, between 500 and 
800 °C, and maintained at that temperature for periods between 1 and 150 hours. 
The furnace was then turned off and the samples allowed to cool, in situ, before  
examination. Those for analysis by X PS  were removed at approximately 100 °C. 
Samples for examination by scanning electron microscopy were fixed to stubs and 
coated with gold to reduce the charging effect o f the electron beam, whilst those 
for X PS  analysis were stuck to stubs with adhesive tape and transferred rapidly 
to the analysis chamber in an attempt to minimise airborne contamination.
4.5.2.2 Experimental Results
There was no evidence of cracking on the surfaces o f the specimens for any o f the 
temperature regimes. W hen viewed by R L M  the most noticeable feature was the 
debonding o f fibres from the matrix (figure 4.21a). For higher temperatures 
and/or longer duration heat treatments this phenomenon became more  
pronounced as exhibited by the increased frequency of debonds primarily in, or 
adjacent to, matrix-rich areas (figure 4.21b). Examination by S ^ M  revealed that 
some of these debonded fibres protruded in excess of 1 pm above the surface of 
the composite (figure 4.22); this was confirmed by topographical analysis using
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C L S M  (figure 4.23). These two techniques also identified areas o f surface 
interfacial damage associated with these regions.
A  second effect, particularly evident after high temperature heat treatment, was 
the covering o f apparently randomly selected areas o f the surface by a layer o f 
nominally transparent material. Samples examined by R L M  after short heat 
treatments at 800 °C  displayed some discoloration to fibre ends but for increased 
exposure at this temperature many fibres were totally discoloured and a glassy 
film covered areas of both fibre and matrix (figure 4.24). Small areas o f film were  
also apparent after long term exposure to temperatures below  this level.
Results from the X PS  study of the surface o f the composite were analysed using 
the same method given earlier for the monolithic material (§  4.5.1.2). The atomic 
percentages o f the constituent elements are shown in figure 4.25 for a range o f 
thermal ageing temperatures and Table 4.6 indicates the apparent change in 
surface elemental composition as the thermal ageing temperature was increased 
from 150 °C  to 800 °C.
4.5.2.3 Discussion
The lack o f any cracks on the surface when sample were cooled slowly, confirms 
that thermal shock was the cause o f cracking. Debonding o f the fibres was 
commensurate with a relaxation o f the residual, processing stresses during the 
heating cycle where the reduction o f the stress in the matrix-rich areas was 
sufficient to cause disruption o f the interface with the consequent release o f the 
fibres. By assuming no residual stresses in either the fibre or the surrounding 
matrix the depth from which the fibres were released would have been in excess
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o f 1 mm for each 1 pm  of protrusion. Although the polishing process may be  a 
contributory factor in causing interfacial damage, the ingress o f oxygen down the 
interphase must be considered to be  involved in promoting this debonding by an 
oxidation process leading to a reduction in interfacial shear stress.
The appearance of the glassy film over the cross-sectional surface for ageing 
temperatures above 800 °C  is possibly as a consequence o f the removal o f the 
carbon interphase allied with oxidation o f the silicon. For short term heat 
treatments only the exposed fibre ends will be  oxidised but as the duration is 
extended silica also begins to form  in the voids left by the oxidised carbon. Since 
the specific volume of silica is almost twice that of carbon then the silica is likely 
to exude out of the interphase and over the surface. This phenomenon was 
observed by W etherhold and Zaw ada (1991) who suggested that short, high 
temperature thermal excursions may be successful in providing protection against 
embrittlement by sealing the surfaces of components prior to use at elevated 
temperatures. The apparent formation o f silica after extended exposure at lower 
temperatures may indicate that the above reactions still occur, but at a much 
slower rate. Brennan and Prewo (1982) noted that this effect could be caused by 
pockets of glass-rich material which begin to flow or are ejected from  the 
interphase by the gaseous reaction. This was observed, however, only at 
temperatures greater than 900 °C  for the Nicalon/LAS system and a similar 
feature reported by Bleay et a l  (1992) for the Nicalon/CAS material required  
temperatures in excess o f 1000 °C.
Compositional analysis o f the Nicalon/CAS composite was performed by Lewis et 
a l  (1991). From  their values and assuming a fibre volume fraction o f 0.34 with
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an interface 50 nm thick comprising entirely of carbon around 15 pm diameter 
fibres the composition o f the material was calculated to be  that given in Table  4.5. 
Table  4.6 and figure 4.25 revealed a large discrepancy from  the predicted 
composition. The problem  appeared to be associated with the measured values 
for carbon with the values at 150 °C  being almost three times the expected result. 
The reasons for this are unclear and a more comprehensive study would be  
-necessary to determine the source o f the carbon since it is not trivial to 
differentiate between structural carbon and that derived from contamination. The  
most notable trends in the results were, however, a large decrease in carbon  
content and a commensurate increase in oxygen for samples treated at 
temperatures between 250 and 450 °C  and, a continually increasing silicon 
content. These can be considered in relationship to the experimental work in 
which a glassy film appeared to develop and other studies, for example, A rbab i  
et a l  (1990), where surface S i0 2 was always seen in the presence o f SiC. 
Attempts to clarify the source o f the film and quantify the composition by high 
resolution, imaging X PS  have proved unsuccessful as the images were not o f  
sufficient quality to provide spatially resolved detail.
4.6  C O N C L U D IN G  R E M A R K S
The onset o f cracking in the monolithic C A S  was calculated to be  at an applied  
thermal stress of 200 M Pa. This, however, was for an infinitely fast quench which 
was converted to an equivalent mechanically applied stress of 128 M P a  by the 
introduction o f the stress reduction factor with the value 0.64.
Cracking patterns on the end faces o f unidirectional reinforced Nicalon/CAS were
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found to be different to those observed on monolithic ceramics in that the cracks 
appeared in the centre o f the faces in the Nicalon reinforced composites but at 
the edges in the monolithic material. It was proposed that the cracks in the 
composite material were caused by a combination o f thermal and residual 
processing stresses. The total stress required to initiate matrix cracking o f the 
composite by thermal shock was also equated to that supplied by mechanical 
means. The value o f 167 M P a  for the total stresses in the thermal shock process 
consisted o f a residual stress o f 57 M P a  and, by using a value o f 0.5 for the stress 
reduction factor, an applied thermal stress o f 110 M Pa. A  similar level o f thermal 
stress was found to be necessary to induce cracking by thermal shock in the 
transverse face and this value led to a calculated transverse strength o f the 
composite to be approximately 75 M Pa.
The [02/904]s configured composite was seen to behave in a similar manner to the 
unidirectional reinforced material. The only apparent effect o f the outer plies was 
to increase the crack opening displacement when samples were subjected to more  
severe thermal shocks.
Residual stresses were deemed to be the controlling factors in determining the 
cracking sequence in the [0/90]3s composite after exposure to thermal shock. 
These stresses, due to the more complex structure o f the laminate, promoted  
crack initiation in the transverse plies parallel to the interface at a temperature 
differential 50 °C  below that required for other configurations and caused 
preferential cracking in the 0° plies perpendicular to this direction.
A  greater density o f matrix cracks were introduced into the unidirectional fibre-
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reinforced Nicaion/CAS by thermally generated stresses at 500 - 600 °C  than by 
the equivalent stress produced mechanically. A t  higher temperatures, however, 
there was a significant reversal in the trend. Whereas, mechanical tests revealed 
a plateau of over 7 cracks per mm, the maximum crack density produced  
thermally was less than 4 per mm and dropped rapidly from  this level as 
temperature and stress increased. These effects were attributed to changes in 
interfacial properties due to thermal ageing and variations in the heat transfer 
rate, which was dependent upon the severity of thermal shock.
X -ray photoelectron spectroscopy has been shown to be a useful technique for 
analysing surfaces of homogeneous materials. The ability to confirm the 
composition o f the monolithic C A S  and to show that the surface composition did 
not change significantly over a wide range of temperatures was clearly 
demonstrated. The lack of spatial resolution o f this technique was highlighted by 
the difficulties associated with the characterisation o f the composite. Although the 
technique was able to supply a global view of the material it was not possible to 
distinguish between the fibres and the matrix. This specificity is a necessary pre­
requisite if characterisation o f individual phases in the composite is to be  
perform ed successfully, particularly where the same element is present in two or 
more phases e.g. silicon.
The problems of characterisation are also exacerbated when the material contains 
carbon since the use of argon ion etching to remove surface contaminants is, o f 
course, not possible when analysing thin coatings.
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Table  4.1 Effect o f thermal shock on end face o f unidirectional Nicalon/CAS.
Temperature 
differential / 
°C  i
Observed changes to end face after thermal shock 
following thermal ageing for 1 hour.
300
Crack pattern N o  surface cracks
Debonding Very little fibre debonding may be  
associated with preparation damage.
400
Crack pattern Single crack through fibre-rich area. Crack  
follows interface until crossing matrix to 
nearest neighbouring fibre.
Debonding Limited fibre debonding biased towards i 
fibre-rich areas and appearing almost as 
"strings".
600
Crack pattern Single crack with greater c.o.d.. Tends to 
follow a less tortuous path than at lower 
temperature. Few  short cracks emanating 
perpendicularly from major crack.
Debonding Fibres are debonded primarily in matrix- 
rich regions.
800
Crack pattern M ajor crack traverses the face with less 
deviation. C.o.d. still increasing. Further 
perpendicular cracks but still small c.o.d..
Debonding Num ber o f debonds increase but only in 
matrix-rich areas.
c.o.d. =  crack opening displacement
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Table 4.2 Crack density o f thermally shocked unidirectional Nicalon/CAS.
Temperature
difference
r c
400 450 500 600 700 800 840 880
Crack spacing 
/mm
5.00 5.00 0.64 0.39 0.29 0.26 0.33 0.40
Crack density 
/mm'1
0.20 0.20 1.56 2.58 3.40 3.92 3.06 2.50
Table 4.3 Matrix stresses against crack density for unidirectional Nicalon/CAS.
Tem p diff A T
rc
400 450 500 600 700 800 840 880
Crack density 
/mm'1
0.20 0.20 1.56 2.58 3.40 3.92 3.06 2.50
Tot stress (th) 
(A = 0 .5 ) /MPa
167 178 188 209 229 250 258 266
Total stress* 
(m ech) /MPa
146 146 195 208 215 219 212 207
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Table  4.4 X PS  analysis o f monolithic C A S  showing the atomic percentages o f 
elements after thermal ageing at 750 °C.
Ageing
treatment
Elemental composition / atomic %
calcium
2p3
aluminium
2p
silicon
2p
oxygen
Is
carbon
ls
1 hr @  
750 °C
4.76 12.35 13.06 63.94 5.90
Table  4.5 Calculated composition of monolithic C A S  and Nicalon/CAS
Material Elemental composition / atomic %
calcium aluminium silicon oxygen carbon
C A S 7.7 15.4 15.4 61.5 0
Nicalon / 
C A S
5 10 22.5 45 17.5
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Table  4.6 X PS analysis o f Nicalon/CAS showing the atomic percentages o f  
elements after thermal ageing.
Ageing
treatment
Elemental composition / atomic %
calcium
2P3
aluminium
2p
silicon
2p
oxygen
Is
carbon
Is
1 hr @  
. 150 °C
0.82 5.09 11.98 33.25 48.86
l.hr @  
800 °C
1.71 6.71 21.91 44.32 25.34
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Figure 4.1 Reflected light photomicrograph of surface o f monolithic C A S  after 
thermal shock with A T  =  500 °C.
Figure 4.2 Reflected light photomicrograph of surface of monolithic CAS after
thermal shock with A T  = 360 °C.
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Figure 4.3 a) Reflected light photomicrograph and b) schematic diagram
of fine crack in unidirectional Nicalon/CAS produced by thermal shock with
A T  = 450 °C.
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Figure 4.4 a) Reflected light photomicrograph and b) schematic diagram of
crack in unidirectional Nicalon/CAS produced by thermal shock with
A T  = 800 °C.
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Figure 4.5 Schematic diagrams of crack profile in end face o f unidirectional 
Nicalon/CAS after thermal shock with a ) A T  =  400 °C  and b ) A T  =  800 °C.
W)
.B
ft<L>cL
o
+
cdh
o
Sample length
Figure 4.6 Crack opening displacement as a function o f sample length for 
thermal shocks o f various severities.
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Figure 4.7 Schematic diagram o f sandwich construction o f unidirectional 
Nicalon/CAS.
M atrix - rich
Fibre - rich
M atrix - rich
Figure 4.8 Schematic diagram o f stresses acting on the composite when  
subjected to thermal shock.
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Figure 4.9 Reflected light photomicrograph showing fibre debonding and 
matrix cracking in unidirectional Nicalon/CAS after thermal shock with 
A T  =  500 °C.
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Figure 4.10 Reflected light photomicrograph showing fibre fracture and matrix
cracking in unidirectional Nicalon/CAS after thermal shock with A T  = 800 °C.
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MPa
Temperature *C
Figure 4.11 Matrix axial stresses in unidirectional Nicalon/CAS for fibre 
volume fraction o f 0.34.
150 200 250 300
Total matrix stress (MPa) ^
Mechanical —e — Thermal
Figure 4.12 Comparison o f crack densities for matrix axial stresses generated 
mechanically or thermally in unidirectional Nicalon/CAS.
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Temperature differential (deg C)
Figure 4.13 Variations in stress reduction factor with severity o f thermal shock 
in water quench test.
Figure 4.14 Ply orientation terminology in Nicalon/CAS cross-ply laminates.
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Figure 4.15 Reflected light photomicrographs of central crack in a) 90°
and b) 0° central plies of [02/904]s Nicalon/CAS after thermal shock with
A T  = 600 °C.
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Figure 4.16 Reflected light photomicrograph of matrix cracks in [0/90]3s 
Nicalon/CAS after thermal shock with A T  =  400 °C.
Figure 4.17 Scanning electron photomicrograph of cracking pattern in [0/90]3s 
in Nicalon/CAS after thermal shock with A T  =  600 °C.
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Binding Energy / eV
MONO CAS 750 DEC
Figure 4.18 X-ray photoelectron survey spectrum of monolithic C AS.
Binding Energy / eV
MONO CAS 750 OEC
Figure 4.19 High resolution X -ray photoelectron spectrum of silicon 2p peak  
in monolithic CAS.
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Figure 4.20 X-ray photoelectron analysis o f monolithic C A S  showing the 
atomic percentages o f elements as a function o f thermal ageing temperature.
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(a)
0>)
Figure 4.21 Reflected light photomicrographs of fibre debonding after thermal 
ageing for a ) 1 hr at 500 °C  and b ) 150 hrs at 500 °C.
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Figure 4.22 Secondary electron photomicrograph of a Nicalon fibre protruding 
from C A S  matrix after thermal ageing.
Figure 4.23 Confocal laser scanning image of debonded fibres in Nicalon/CAS
after thermal ageing for 1 hr at 800 °C.
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Figure 4.24 Reflected light photomicrograph of film over composite end face 
after thermally ageing for 1 hr at 800 °C.
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Nicalon/CAS
Temperature (deg C)
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Figure 4.25 X-ray photoelectron analysis o f Nicalon/ C A S  showing the atomic 
percentages of elements as a function o f thermal ageing temperature.
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Chapter 5: Flexure Testing of Nicalon Reinforced CAS Composites
C h a p t e r  5
F le x u r e  T e s t in g  o f  N ic a lo n  R e in fo r c e d  C A S  C o m p o s ite s
5.1 I N T R O D U C T I O N
The effect o f thermal treatments on the integrity o f SiC/CAS composites has been  
considered in the previous chapter. Whilst changes in the interphase and cracking 
in the matrix are known to occur, the extent to which these effects are detrimental 
to the mechanical performance o f the composite needs to be quantified.
Since components are almost always subjected to stress either as a structural 
requirement or due to their operating in changing environments this chapter 
concentrates on the application o f applied mechanical stress to thermally treated 
unidirectional and cross-ply Nicalon reinforced C A S  laminates.
It was noted in Chapter 2 that fibre-reinforced C M C s can be characterised 
mechanically by tensile or flexure testing. Tensile testing undoubtedly has some 
advantages (notably that the whole sample is subjected to the same stress state) 
but this was not practical in the present work due to the limited amount o f 
material available. Hence, the experimental work reported here considers the 
effect o f thermal treatments on several important mechanical properties, as 
determined from data generated from three-point flexure tests.
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5.2 T E S T  P R O C E D U R E
5.2.1 E X P E R IM E N T A L  D E T A IL S
In order to obtain valid results from flexure tests certain criteria must be met. In 
Chapter 2 the mode of failure was identified as being important and this is 
dependent on the sample dimensions. W hen  subjected to three-point bending 
(figure 5.1) the maximum tensile stress (o 3b)  occurs on the lower surface 
immediately opposite the loading point and the corresponding maximum  
compressive stress (o com) is coincident with the loading point on the top surface. 
The values o f stress can be calculated from simple beam  theory as :
3WL
°3b °com 2  ^ '
2 bdz
where W  is the load on the sample, L  is the span of the supports and b and d are 
the breadth and depth o f the sample, respectively.
The maximum shear stress, ts, occurs along the neutral axis and is given by :
x, -  t i  (5.2)
s 4 bd
Comparison of equations (5.1) and (5.2) indicate that the ratio o f tensile to shear 
stresses is 2L/d. Since failure will occur when either o3b or ts reaches a critical 
value, the consequence is that for CM Cs, where the tensile strength is generally 
an order o f magnitude greater than the shear strength*, a span to depth ratio 
approaching 20 : 1 will promote a tensile failure and a ratio o f 5 : 1 will give a 
predominantly shear mode of failure, indicated by cracking along the neutral 
plane. This argument ignores the influence o f tensile matrix cracks which develop
This was confirmed in the present study by determining shear strength from short beam tests 
and by Davies (1993), working with similar material.
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prior to fibre failure. It should be noted that the tensile strength is controlled 
primarily by the fibre properties and the shear strength is controlled by the matrix 
and interface properties.
In this study the depth of sample was restricted by the thickness o f the plates to
2.3 mm. The span required to produce a tensile failure is, therefore, 46 mm and 
for shear failure it is less than 11.6 mm. Results obtained from the experimental 
work described in Chapter 4 indicated that a crack introduced by thermal shock 
may penetrate up to 5 mm into the ends of the sample and hence the bend test 
samples were approximately 20 mm longer than the span to eliminate any 
interactions with these cracks. The widths of the samples o f unidirectional 
material were approximately equal to the depths (2.3 mm ) to maintain a square 
cross-section (as used for other experiments). The fibres of the surface plies of 
the cross-ply laminates were oriented parallel to the long dimension o f the bar. 
The width o f cross-ply samples was 5 mm, larger than the unidirectional material, 
in order to try to reduce any effect o f oxygen piped down the interface o f the 
transverse plies during thermal ageing, whilst attempting to retain a small cross- 
section. Samples were prepared using the basic techniques described in Chapter 
3 and the clamping jig was used to hold six samples when polishing (both ) large 
cross-sectional faces of each sample to a high standard finish. The matrix-rich 
coating on the tensile surface o f the samples was also removed by polishing (as 
with the thermal treatment samples) to improve subsequent detection o f cracking 
damage by R L M  and to present a flat face to the loading rollers o f the test rig.
Samples o f the dimensions given above were thermally treated to give 
temperature differentials o f between A T  =  200 °C  and A T  =  800 °C  and ageing
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times o f 1, 6 or 24 hrs before being quenched in water or slow cooled. Som e of 
the samples were subjected to multiple thermal shocks as indicated by the range  
o f thermal treatments used in the experimental studies shown in Table  5.1. 
Treated and as-received samples were then tested in the three-point bend test 
mode in a normal laboratory environment using the settings shown in Table  5.2 
from which load-displacement curves were produced. A  typical curve for as- 
received unidirectional Nicalon/CAS is shown in figure 5.2 and can be used to 
calculate a number o f material parameters. The parameters used in this study to 
characterise the materials after thermal treatment are Young’s modulus, onset of 
non-linearity and flexure strength.
5.2.2 Y O U N G ’S M O D U L U S
From  beam  theory, the Young’s modulus for the composite can be calculated 
using the relationship :
£  = F(5.3) 
4881
The slope o f the initial linear section o f the curve, W/8, may be obtained by 
measuring the displacement immediately below the upper loading point, 8, for a 
given value o f load. The load (W )  was obtained directly by choosing a value on 
the initial linear portion o f the load-displacement curve. The value o f the 
deflection (8 )  was also measured from this curve as the vertical displacement of 
the sample at the centre o f the loading span at a load equal to W . The value of 
8, however, must be corrected by subtracting the deflection due to the inherent 
stiffness o f the machine/fixture. This was obtained by "bending" a rigid sample in 
the fixture and measuring the apparent deflections at given applied loads. I is the
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moment o f inertia o f a rectangular cross-section beam  and is given by
/ = M l  (5.4)
12
5.2.3 O N S E T  O F  N O N -L IN E A R IT Y
This is associated with the onset o f matrix cracking, i.e. the appearance of a single 
crack on the tensile surface o f the sample, perpendicular to the fibre direction 
(figure 5.3). Non-linearity is indicated on the load-displacement curve as a 
deviation from an initial straight line and is often termed the "knee". The  
corresponding stress value may then be calculated from equation (5.1)
5.2.4 F L E X U R E  S T R E N G T H
If the beam  is assumed to behave in a linear elastic manner up to fracture then 
the maximum tensile stress that the material can support is given by :-
3WL / c  cs
2bd
where W  is the maximum load taken from the long span load-displacement curves. 
A s discussed earlier (§2.4.1.1) the results using this equation are difficult to 
interpret. However, they may be used for comparative purposes although values 
obtained by this route may not be relied upon for design purposes.
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5.3 U N I D I R E C T I O N A L  N I C A L O N  R E IN F O R C E D  C A S
5.3.1 E F F E C T  O F  T H E R M A L  S H O C K  A N D  D U R A T IO N  
O F  T H E R M A L  A G E IN G
5.3.1.1 Experimental results
A  series o f 3-point flexure tests were conducted on as-received unidirectional 
Nicalon/CAS in order to obtain values o f Young’s modulus, onset o f non-linearity 
and flexure strength. The results calculated from the load-displacement curves for 
each of six tests are shown in Table 5.3 along with a mean value, for comparative 
purposes, and the standard deviation. (T o  take account o f the small set o f data 
the standard deviation may be increased by a factor o f \/(n/(n -1 )), where n is the 
number o f results in the set. For six samples this would increase the standard 
deviation by approximately 10%). The mean and standard deviation are also 
indicated on figures 5.4 to 5.6 as reference values to which data from thermally 
treated samples may be compared.
a ) Young’s modulus
The values shown in Table  5.4 were obtained from three-point flexure tests using 
equation (5.3) and figure 5.4 summarizes these values o f Young’s modulus for 
slow-cooling and single thermal shocks (where several samples were subjected to 
the same thermal treatments the average o f the values in Table 5.4 was used).
The value o f Young’s modulus calculated from the load-displacement curve for 
all slow-cooled samples was 120 ±  6 GPa. For thermally shocked samples, 
however, there were changes to Young’s modulus. From  figure 5.4 it can be  seen 
that the greatest effect was a reduction in Young’s modulus after thermal ageing
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at 650 °C  where the value was reduced to less than 100 G P a  after only 1 hr of 
heat treatment. Exposure to 800 °C  thermal ageing temperature, however, 
indicated a recovery in Young’s modulus for short duration heat treatments.
b ) Onset of non-linearity
The onset o f non-linear behaviour was determined to be at a stress, calculated 
from  equation (5.5), at which the slope o f the load-displacement curve deviated 
from an initial straight line. The values are shown in Table 5.5. The stress 
appeared to be unaffected by low temperature ( <  500 °C ) thermal ageing o f the 
unidirectional Nicalon/CAS composite (figure 5.5). For samples exposed to higher 
temperatures for short duration the response of the material did not appear to 
have been affected significantly but, extending thermal ageing times resulted in a 
reduced ability to sustain loads without the occurrence of matrix cracks. For 
example, thermal ageing at 650 °C  required a composite flexure stress value of 
223 M P a  to cause non-linear behaviour after lh r ageing, but only 117 M P a  after 
6 hrs and reduced, further, to 81 M P a  after 24 hrs. A n  improved resistance to 
matrix cracking (relative to these longer ageing times) was observed when the 
ageing temperature was increased to 800 °C.
The behaviour o f samples thermally shocked after the completion o f the ageing 
stage appeared to indicate a similar trend to that o f the slow-cooled samples.
c) Flexure strength
Calculations for determining the flexure strength o f the material were perform ed  
using equation (5.5). The maximum loads that the samples could support w ere  
converted to the stress values shown in Table 5.6. The graphical representation
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of these data for the slow-cooled samples (figure 5.6) shows that for most thermal 
ageing regimes the flexure strength remained similar to that obtained for the as- 
received unidirectional material.
The effect o f thermally shocking the samples was, if anything, to reduce the 
flexure strength, from  the slow-cooled values, by a small amount, e.g. 924 M P a  for 
samples slow-cooled after ageing for 24 hrs at 500 °C  but 860 M P a  when  
subjected to a single thermal shock.
5.3.1.2 Discussion
a ) Young’s modulus
The measurement o f Young’s modulus is a useful indication of the initial integrity 
o f the composite, in particular the matrix and interfacial properties. The  
experimental value o f Young’s modulus for the as-received unidirectional 
Nicalon/CAS of 120 ±  6 G P a  was in close agreement with the value o f 124 G P a  
obtained from the rule o f mixtures method (using the values o f E f =  190 GPa, 
E m =  90 GPa, and V f =  0.34) and values obtained by Pryce and Smith (1992) and 
W an g and Parvizi (1992) from  uniaxial tensile tests. These results suggest that the 
use o f simple rule-of-mixtures calculations on flexure test data is valid for 
undamaged material.
The values o f Young’s modulus calculated from the series of thermally aged and  
slow-cooled experiments were similar to the as-received values which suggests that 
there was no detectable damage to the matrix o f the material over the range of 
ageing times and temperatures used in this study.
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Results from the water quenched samples indicated that thermal shocking did, 
however, affect Young’s modulus; as the temperature was increased there was a 
slight trend towards lower values of Young’s modulus. The reduction may be due 
to a change in the stiffness of the composite caused by introduction of cracks. 
Since cracks form as a result of quenching, the change in Young’s modulus may 
be attributed to the degree of cracking. For a fixed temperature differential (AT), 
however, the applied thermal stress will be the same and the amount of cracking 
would, therefore, also be expected to be similar, resulting in similar values for 
Young’s modulus. Figure 5.4 indicates that this is not the case and variations 
must, therefore, be as a consequence of a combination of thermal ageing and 
quenching.
It was proposed in Chapter 4 that interfacial sliding resistance may have 
decreased due to oxidation of the carbon-rich interphase after ageing at 650 °C 
but at a temperature of 800 °C the formation of silica bridging, clamping the 
fibres to the matrix, may have already begun. The effect of this would be for 
cracks to be more easily introduced into the matrix of the composite with a 
weaker interface, i.e. 650 °C. The observed partial recovery in Young’s modulus 
after thermally shocking from AT = 800 °C may be due to the silica but, after 
longer duration of ageing at this temperature, an increasing volume of silica may 
become detrimental to the composite by making it more notch-sensitive.
b) Onset of non-linearity
The discussion in Chapter 2 highlighted the importance of non-linear behaviour 
and much experimental work has been directed towards increasing the amount of 
data available related to this phenomenon in continuous fibre-reinforced CMCs.
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Room temperature tensile tests have been undertaken by a number of researchers 
on unidirectional Nicalon reinforced CAS and the onset of non-linearity has been 
determined. Corresponding values of applied composite stresses are shown in 
Table 5.7 relating both to tensile tests and bend tests.
The values obtained for the onset of non-linearity in the as-received unidirectional 
composite used in this study are given in Table 5.3 and indicate quite a large 
standard deviation. The actual point on any individual load-displacement curve 
was quite clearly defined, hence, the scatter may be attributed to a material or 
preparation effect. During preparation of the samples it became apparent that 
there was a definite gradation in the quality of consolidation of the composite, not 
only from one end of the plate to the other but also within the sample itself. The 
spread of values, therefore, may reflect the position within the plate from which 
the sample was cut. Attempts were subsequently made to prepare samples for 
similar experiments from adjacent areas in the plate.
The value of 265 MPa obtained for the onset of non-linear behaviour appears to 
be higher than most of the values reported in the literature (Table 5.7). However, 
the more recent data (Pharoah et al 1993 and Karandikar and Chou, 1993) are 
higher than the earlier values. It is believed that the Nicalon/CAS materials for 
which data are shown in Table 5.7 all originate from the same source but over a 
period of several years. This suggests that increased levels of applied stress may 
be necessary to produce this feature in samples taken from later plates of the 
composite. This may be due to an improvement in the physical properties of the 
constituents of the composite or improved processing/fabrication techniques.
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The two studies cited in Table 5.7 in which data were obtained from both tensile 
and flexure tests indicated that higher levels of stress were required for the onset 
of non-linearity for the samples tested in flexure. This may be attributed to the 
larger volume of sample subjected to maximum tensile stresses in the tensile test 
with a consequent increased likelihood of encountering a larger flaw population. 
Table 5.7 also appears to suggest that the onset of non-linear behaviour, as 
depicted on a load-displacement curve derived from either a flexure or tensile 
test, cannot be considered as the point of matrix crack initiation since 
investigations by several groups of researchers have observed the first appearance 
of matrix cracks at 50-100 MPa lower than the stress level for deviation from 
linear behaviour. Kim and Pagano (1991) and Beyerle et al (1992) also detected 
acoustic events even lower than these values whilst, Beyerle et al (1992) observed 
matrix cracks at only 50 MPa in areas of high concentrations of matrix material. 
Hence, the matrix cracking stress appears to be very sensitive to local fibre 
volume fraction.
The results for the onset of non-linearity for the thermally aged and slow-cooled 
samples (figure 5.5) indicated that samples exposed to elevated temperature for 
1 hr appear to be unaffected by such short excursions, possibly due to the inability 
of oxygen to penetrate into the interphase. The literature, for example Lewis et 
al (1992), suggested a rapid progression of the oxidative reaction down the 
interface surrounding the exposed fibre ends whilst Pharoah et al (1993) 
demonstrated that oxygen diffusion through the matrix was a much slower process. 
Since the region of the sample subjected to the maximum tensile stress in the 
bend test would be oxidised via the latter type of reaction pathway there was, as 
may be expected, little change to the levels of applied stress associated with initial
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non-linear behaviour.
Increasing the duration of thermal ageing may lead to greater penetration of 
oxygen into the sample with a consequent increase in the extent of modified 
interphase regions. The results suggested, however, that there was a reduction in 
performance of the material after thermally ageing for 6 hrs at only 500 °C. This 
was prior to the often quoted temperature of 600 °C for the removal of the 
carbon-rich interphase by the oxidative process. Results from the surface analysis 
experiments (see § 4.5) indicated that there was little change to the monolithic 
matrix material after exposure at 500 °C. Hence, the reduced performance may 
be as a consequence of incorporating fibres into the matrix material and 
subsequent thermal ageing leading to some microstructural reorganisation. The 
cause was more likely, however, to be an oxidative reaction in which the carbon- 
rich interphase was gradually removed although the reaction was too slow to be 
effective for the shortest duration ageing times.
This trend in the level of stress required to cause non-linear behaviour in 
thermally aged unidirectional Nicalon/CAS was similar to that reported by 
Pharoah et al. Although the reduction in stress at the onset of non-linearity in 
the current study (e.g. 260 MPa at room temperature to 130 MPa at AT — 650 °C 
after 6 hrs thermal ageing) was considerably greater for all ageing temperatures 
than that reported by Pharoah et al (340 MPa at room temperature to 260 MPa 
at AT = 650 °C after 100 hrs thermal ageing) it should be noted that the ageing 
times were shorter. Comparison of the results from the two studies suggest, 
therefore, that silica may also be formed at lower temperatures but is only 
effective in strengthening the interphase after longer periods of thermal ageing
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(100 hrs). This effect is consistent with the findings in Chapter 4 where a glassy 
film was seen to have developed over areas of the end face of the unidirectional 
material after thermal ageing at 600 °C for 24 hrs.
The onset of non-linearity for the thermally shocked samples followed a similar 
trend to that displayed by the slow-cooled samples, except for a very low value 
after thermally shocking from AT = 500 °C after 24 hrs thermal ageing. The 
higher levels of applied stress sustained by the thermally shocked samples before 
non-linear behaviour was observed may be as a result of cracks introduced into 
the material by thermal shock. Thermal shocking the samples would be expected 
to propagate the larger flaws inherent in the material, hence it may then require 
stresses greater than the matrix cracking stress to propagate these cracks further 
or to form new cracks from less significant flaws.
Matrix cracks in the thermally shocked samples were produced at the end of the 
thermal cycle, hence, there will be little opportunity for ingress of oxygen and the 
onset of non-linearity will tend to reflect a combination of the thermal history of 
the sample and the severity of the thermal shock. The apparently anomolous value 
after 24 hrs thermal ageing at 500 °C followed by quenching in water may be, at 
least partially, accounted for by a decrease in the amount of interphase that 
remains intact after the extended thermal ageing period. It is, therefore, 
hypothesised that this type of thermal regime, i.e. low ageing temperature but for 
long duration, may be the least effective in preventing matrix cracking.
c) Flexure strength
The matrix continues to crack progressively during the flexure test as the load is
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increased above that required to produce non-linear behaviour. Hence, the 
flexure strength or modulus of rupture (MOR) will be controlled, primarily, by the 
fibre properties although there will be an influence from the interface in 
determining the degree of fibre debonding and subsequent pull-out which occurs 
prior to peak load.
The values obtained for the flexure strength of the as-received unidirectional 
material (Table 5.3) indicate quite a large standard deviation which reflects the 
distribution of fibre strengths within the composite, fibre damage caused by the 
fabrication process and the angle or waviness of the fibre tows with respect to the 
tensile axis. Although the mean value of 982 MPa was considerably higher than 
the values reported in the literature for 3-point bend tests (Table 5.7) the volume 
of sample was lower (250 mm3 compared to 400 mm3 used by Pharoah et al in 
obtaining a flexure strength of 780 MPa). As noted in Chapter 2, the mode of 
fracture will be influenced by the span to depth ratio of the flexure sample, with 
the larger span promoting a failure by bending. The ratio employed in the 
current study was 20 : 1 whilst that used by Taylor (1991) is not known, Bleay et 
al (1992) used 20 : 1 and Pharoah et al (1993) used 15 : 1. The rate of loading 
could also affect the apparent flexure strength and Pharoah et al used a cross­
head speed of 1 mm min'1 compared to 0.5 mm min"1 in this experimental work.
Differences in the calculated values of flexure strength (MOR) and tensile 
strength (UTS) using the maximum loads obtained from load-displacement curves 
confirms that results from the two types of test are not interchangeable. However, 
it may be possible to check the relative values for consistency by using the simple 
relationship given by Davidge (1979) as :
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where m is the Weibull modulus of the material. Although equation (5.6) relates 
to monolithic ceramics, at the point of maximum applied stress, the matrix of the 
composite would be fractured and the composite may then be considered to 
consist entirely of fibres. The relationship given above would be applicable to a 
single fibre and it is assumed here that this may also provide an approximate 
value for a bundle of fibres. The ratio MOR : UTS for equal volume samples 
using a flexure strength of 982 MPa and the manufacturer’s value for tensile 
strength of 445 MPa is 2.2 and to obtain this ratio a value of approximately 6 
needs to be assigned to the Weibull modulus in equation (5.6). However, if the 
volume effect of the two sample sizes is also taken into account then m may be 
increased to approximately 8. This value may be compared to the value of 12.28 
for the Weibull modulus obtained from the strength of the unidirectional 
reinforced composite in a series of tensile tests by Davies et al (1993). (A  lower 
value of m implies a tougher composite). The validity of the results from the 
flexure tests is also supported by the findings of Steif and Trojnacki (1994) where 
it was suggested that the ratio of MOR to UTS will increase, approaching a value 
of 3, for composites which fail in a graceful manner i.e. exhibit toughness.
The manufacturer’s value for individual fibre strength is approximately 2.7 GPa. 
Assuming no contribution to the strength of the composite from the cracked 
matrix, this gives a tensile strength of 918 MPa for the unidirectional composite 
with a fibre volume fraction of 0.34. From the above it was suggested that the
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flexure strength would appear to be 2.2 times greater than the tensile strength, 
hence, an equivalent flexure strength would be approximately 2 GPa. However, 
Curtin (1993) found that the tensile strength of a sample of Nicalon/CAS 
unidirectional composite was only 56% of the rule-of-mixtures value; he attributed 
this to a reduction in fibre properties due to the fabrication process and/or 
damage to the fibre surface. The room temperature flexure strength of 982 MPa 
reported in this study is approximately 50% of that calculated using the rule of 
mixtures and is, therefore, in good agreement with that observed by Curtin.
All thermal ageing regimes appeared to have little effect on the flexure strength 
of the composite. The large scatter in the values for the as-received material 
makes it difficult to draw conclusions regarding any changes due to thermal 
ageing. However, there appears to be a possible reduction in retained strength 
after ageing at 650 °C for 6 or 24 hrs, which may be due to oxidation of the 
carbon-rich interphase, and an improved load-bearing capability after the longest 
ageing at 800 °C, consistent with silica formation. Although flexure strength is, 
primarily, governed by fibre properties the low values at 650 °C may be as a 
consequence of a reduction in interfacial shear strength leading to an increase in 
transfer length over which an enhanced tensile stress acts on the fibres, possibly 
leading to fracture at a different fibre flaw than would have been sampled if the 
interphase had remained stronger. The improved performance at high 
temperature may be due to healing of flaws on the surface of the fibres by the 
silica coating or a greater transfer of stress to intact matrix material via silica 
bridging.
/
The variation in pull-out lengths of fibres for a unidirectional Nicalon/GAS
133
Chapter 5: Flexure Testing of Nicalon Reinforced CAS Composites
composite subjected to different thermal ageing regimes is shown in figure 5.7. 
After low temperature thermal ageing (figure 5.7a) there was a small degree of 
fibre pull-out before failure occurred predominantly by interlaminar shear, whilst 
at intermediate temperatures (figure 5.7b) fibre pull-out was increased 
considerably but interlaminar shear was still apparent. On increasing the ageing 
temperature still further, figure 5.7(c), many fibres fracture and failure appears 
to have been in a brittle manner.
One feature that appeared to remain constant was that the total deflection at the 
centre of the span of the sample when supporting the maximum load was 
approximately 2 mm for all thermal regimes. This is equivalent to bending the 
samples through an angle of 10 - 12° which was recently reported by Kaute et al. 
(1993) as a critical angle in the suppression of interlaminar failure in this 
composite system. At shallower angles the fibres exert closure forces but, as the 
angle increases the fibres can pull-out of the matrix (if the interface is sufficiently 
weak) or carry increasing tensile forces. As the angle approaches the critical level 
the fibres then split off sections of matrix material until the tensile stress exceeds 
the tensile strength of the fibre, leading to final failure. This may partially explain 
the appearance of interlaminar failure although the span of the sample supports 
would suggest a bending failure mode.
Bleay et al (1992) were unable to discern any change in flexure strength for 
unidirectional Nicalon/CAS thermally aged for 24 hrs except, perhaps for a small 
increase above 800 °C. By extending the ageing time to 100 hrs Pharoah et al 
(1993), however, were able to report a trend in flexure strength for this composite 
system. Samples heat treated at intermediate temperatures (500 to 800 °C)
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exhibited a reduced stress capability, compared to the as-received condition, but 
above these temperatures (up to 1200 °C) there was a marked increase in 
retained flexure strength above the as-received level. This group suggested carbon 
removal from the interface as the cause of the observed effect at intermediate 
temperatures. They proposed also, that a passivating plug of silica was formed 
at the ends of the fibres and a protective silica layer covered the other surfaces 
preventing any further removal of the carbon-rich interphase at higher 
temperatures. This would not be expected to lead to the observed enhanced 
behaviour over the as-received material, however, and silica must continue to be 
formed in the interphase by diffusion of oxygen through the matrix or from the 
excess oxygen still available in the fibres themselves.
The effect of thermally shocking the samples after completion of the ageing 
period was seen to confirm that modifications to the interphase had occurred 
prior to the thermal shock. This was evidenced by a reduction in flexure strength 
of up to 100 MPa, from the slow-cooled sample values, after ageing at 650 °C but 
a recovery to similar values after short-term excursions to 800 °C thermal 
treatment. The samples subjected to the most severe thermal treatment, however, 
did not display this improvement. These results illustrate, again, the ease with 
which cracks may be introduced into the composite with a weak interphase. 
Although the samples quenched with a temperature differential of AT = 800 °C 
received a more severe thermal shock this was compensated for in the sample 
quenched after lhr by the increased crack resistance imparted to the composite 
by the formation of silica whilst the low strength of the 800 °C samples quenched 
after 6 or 24 hrs demonstrated that this longer duration of thermal ageing led to 
embrittlement and the consequent failure of fibres in the crack wake during the
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thermal shock process. These results are in contrast to those reported by Long 
et al (1989) where an apparent increase in flexure strength was observed after 
thermally shocking Nicalon reinforced cordierite. Their experimental procedures 
suggested that the samples were insulated from the thermal shock process and the 
results were, therefore, similar to those expected for thermally aged samples.
5.3.2 EFFECT OF MULTIPLE THERMAL SHOCKS
5.3.2.1 Experimental results
To study the effects of repeated thermal shock on the retained properties of the 
unidirectional material a series of tests were undertaken in which the cycle of 
thermal ageing for 1 hr followed by water quenching was repeated five times prior 
to flexure testing. The results for Young’s modulus, onset of non-linearity and 
flexure strength were obtained using the procedures described in § 5.2 and are 
shown in Tables 5.4, 5.5 and 5.6 respectively.
The values for Young’s modulus from the complete series of flexure tests 
indicated a high degree of consistency, hence, the results plotted in figure 5.8 
could be considered to be indicative of definite trends in modulus with increasing 
severity of thermal treatment. The as-received mean and standard deviation 
values and the average value of all the multiple shock data at each temperature 
are also included in this figure. The Young’s modulus of the material appeared 
to remain constant up to a temperature differential of AT = 400 °C but then 
decreased with increasing severity of thermal shock. This same trend was 
observed in the results for the onset of non-linearity (figure 5.9) and flexure 
strength (figure 5.10).
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The decrease in Young’s modulus did not exceed 20% for any of the thermal 
regimes employed. However, the flexure strength was reduced from 982 MPa for 
the as-received material to 620 MPa after ageing and shocking with a temperature 
differential of 650 °C whilst, the most pronounced effect was measured at the 
onset of non-linearity, where a reduction from 265 MPa to only 114 MPa was 
observed for the same thermal treatment conditions.
5.3.2.2 Discussion
The results from the series of multiple thermal shock tests indicated that repeated 
thermal cycling was detrimental to the unidirectional composite, even for 
temperature differentials as low as AT = 400 °C. This finding is consistent with 
the observations reported in Chapter 4 and the residual properties presented in 
the previous section for single thermal shocks.
Young’s modulus would not be expected to change unless the stiffness of the 
composite was reduced by either microstructural changes or matrix cracking. 
Results shown in figure 5.4 indicate that thermal ageing for 6 hrs, alone, did not 
produce any changes in the residual modulus values across the complete 
temperature range used in this study. The effect of a single water quench at 
temperature differentials of 500 °C and above, however, was to induce relatively 
minor variations to the modulus. Results from crack density measurements 
(§4.3.2) indicate that cracks became visible on the side faces of the sample at 
approximately AT = 400 °C. The crack density was probably too low to be 
detected by the three-point flexure test but after repeated thermal shocking both 
the crack length and frequency may be sufficiently large to allow the change in 
Young’s modulus to be observed.
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A  reduction in the stress at the onset of non-linear behaviour occurred at a similar 
temperature to that associated with a change in Young’s modulus, i.e. it was 
observed that both slow-cooling and a single quench affected the apparent point 
of deviation from a straight line on the load-displacement curve. It was suggested 
in the previous section that the cause of the reduced value at the temperature 
differential of AT = 600 °C used in the single quench study was the removal of 
interfacial carbon by the ingress of atmospheric oxygen. Since the non-linear 
behaviour occurs at a lower level of stress in the samples receiving the same 
amount of thermal ageing but multiple shocks it is suggested that the effect of 
each successive quench is to propagate the existing cracks, allowing ingress of 
oxygen further into the sample.
A  similar trend to that of the non-linear behaviour was observed in retained 
flexure strength. This may be accounted for, also, by considering that the crack 
path generated after each thermal cycle allows further penetration of oxygen and 
the subsequent sampling of longer exposed fibre lengths.
5.4 [0/90]3s CROSS-PLY N IC ALO N  REINFORCED CAS
5.4.1 EXPERIMENTAL RESULTS
a) Introduction
Results were obtained from three-point flexure tests for as-received samples of the 
cross-ply composite in a similar manner to that described in §5.3.1.1 for the 
unidirectional material. The values for the Young’s modulus, onset of non- 
linearity and flexure strength are shown in Table 5.8 for the as-received material. 
(Since only four samples were tested the standard deviation may be increased by
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approximately 15% to account for this small sample population). These base-line 
values are indicated in figures 5.11 to 5.13 for reference purposes. The sequence 
of cracking damage with progressive increase in applied flexure loading was 
observed by loading the sample to produce cracks, removing the load, viewing the 
surface by RLM and recording the crack pattern before repeating the procedure 
for greater loads. The features seen are shown schematically in figure 5.14 and 
examples of the crack pattern on the side faces at various stress levels are shown 
in figures 5.15 and 5.16.
b) Young’s modulus
The values obtained for the Young’s modulus of the cross-ply material appeared 
to indicate a trend of a modulus reduction (from the as-received value) with 
increasing severity of thermal shock, although it is difficult to determine the 
temperature differential at which the change becomes significant. The effect of 
the multiple quenching regime, however, was to decrease the temperature 
differential at which a reduction in modulus became apparent. For example, 
repeated thermal cycling at a temperature differential (AT) of 400 °C indicated 
a Young’s modulus value of 88 GPa which was similar to that obtained from a 
single quench from AT »  640 °C (figure 5.11).
c) Onset of non-linearity
There appeared to be little modification to the level of stress at the onset of non­
linear behaviour for all thermally shocked samples (figure 5.12); only those 
samples aged for 1 hr at 600 or 700 °C exhibited non-linear behaviour at applied 
composite stresses below 100 MPa. The values obtained for the as-received 
cross-ply material showed much less scatter than for the onset of non-linearity in
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the unidirectional material as indicated by a standard deviation of only 4.6 for the 
cross-ply compared with 49 for the unidirectional composite. The measured 
values for the samples thermally treated at AT = 300 °C were the most widely 
scattered with a standard deviation of 13.7 (Table 5.10).
d) Flexure strength
The results for the flexure strength of the as-received cross-ply composite (Table 
5.11) gave a large standard deviation (81.3) as shown in figure 5.13. The trends 
of the data with thermal treatment show some similarity to the trend in Young’s 
modulus (figure 5.11) although the only real change may be to the samples 
quenched after thermal ageing for 1 hr at 600 or 700 °C.
5.4.2 DISCUSSION
a) Young’s modulus
A  value for the composite Young’s modulus may be obtained by a simple 
approach in which each ply direction (0° and 90°) is considered separately. The 
longitudinal modulus was calculated to be 124 GPa by using the rule-of-mixtures 
method and the transverse modulus (Efy) may be determined from the 
approximation given by Reuss as:
E -  1
r Y i + £ £ / >  <5-7?
to give a modulus value of 109 GPa. If an equal contribution from plies of both 
orientations for the [0/90]3s composite is assumed then the composite modulus is 
simply (109 + 124)/2 = 116.5 GPa. This value assumes perfect bonding between
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fibres and matrix, whereas, for no bonding, i.e. matrix only, the transverse modulus 
reduces to 60 GPa and the composite modulus to 92 GPa.
The average measured value for the as-received composite modulus was 105 GPa, 
(implying a value of 86 GPa for the transverse modulus) with a standard deviation 
of 7.3. Since inhomogeneity within the individual plies was observed and there is 
unlikely to be perfect fibre/matrix bonding this modulus value was in reasonable 
agreement with the rule-of-mixtures value and compares favourably with the value 
of 110 ± 5 GPa obtained by Pryce and Smith (1992) from tensile tests on samples 
of a similarly configured Nicalon reinforced CAS composite.
Thermally shocking samples after ageing for 1 hr at temperatures below 500 °C 
appeared to have little effect on the Young’s modulus. Although cracking damage 
was apparent after lower temperature thermal shocks this was confined to the 
central ply of face 1 and appeared parallel, not perpendicular, to the direction of 
applied stress. Cracks in this orientation would not be expected to affect Young’s 
modulus appreciably and the surface plies that were subjected to the maximum 
tensile stresses appeared undamaged after such thermal treatments.
Increasing the severity of the thermal treatment by raising the ageing temperature 
did cause a reduction in the modulus. This effect was in accord with the observed 
increase in matrix cracking damage, perpendicular to the fibres in the 0° plies. 
The effect of multiple shocking on the samples with a smaller temperature 
differential was similar to that shown in figure 5.7 for the unidirectional material 
and may also be as a consequence of propagation of small cracks inherent in the 
original material, although thermal removal of the interphase by carbon oxidation
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is unlikely at these lower temperatures,
b) Onset of non-linearity
Comparison of Tables 5.3 and 5.8 reveals a large reduction in the level of applied 
composite stress at the onset of non-linear behaviour from 265 MPa for the 
unidirectional material to 113 MPa for the [0/90]3s composite. This stress level of 
113 MPa was considerably higher than the value of approximately 55 MPa 
obtained by Beyerle et al (1992). However, the results reported by this group 
were from tension tests and comparison of figures 5.14 and 5.17 indicates that the 
sequence of damage development in the cross-ply is different for tension and 
bending tests. In particular, the mechanism of damage onset reported by Beyerle 
et al was a crack in the central 90° plies which are only lightly stressed in the 
flexure test.
The observed cracking sequence for samples subjected to three-point bending is 
related to the geometry of the sample since the applied stress is at a maximum 
on the tensile surface, falling to zero at the neutral axis. The calculated stress of 
113 MPa at the surface of the composite assumes, however, a homogeneous beam 
whereas the cross-ply consists of longitudinal and transversely oriented plies. This 
second type of configuration, therefore, modifies the standard bending moment 
(M ud)  from  :
M,
ud /
4<hnnx b
ud 3 Et d
E
d 3
° 8 J
(5.8)
for a homogenous beam of width b, depth d and Young’s modulus E0 to :
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for a cross-ply beam, where ET is the modulus of the transverse plies and y refers 
to the distance of the ply interfaces from the centre of the beam (figure 5.18). 
Allowing for the layered structure of the cross-ply composite thus modifies the 
maximum stress value on the tensile surface of the beam by a factor :
For a typical bend test sample of [0/90]3s configured Nicalon/CAS (2.32 mm thick) 
calculations using equation (5.10) suggest that the applied surface stress will be 
increased by a factor of 1.13 from 113 MPa to 128 MPa. Although the stress 
distribution within the sample will be dependent upon Young’s modulus of each 
ply orientation, the strain profile will remain linear and exhibit the distribution 
shown in figure 5.18(a). The strain in the surface 0° ply at the onset of non-linear 
behaviour will be 0.103% (i.e. 128 MPa/124 GPa), compared to a strain of 0.08% 
obtained by Pryce and Smith (1992) from tensile tests. The applied stress in the 
0° plies can be calculated, simply, by using the relationship oD = eE0 and the 
applied stress in the 90° plies may be obtained, similarly, from oT = eEp (figure 
5.18b).
The stress applied to the matrix in each of the 0° plies can then be obtained via 
the constant strain relationship, om = o0Em/E0, whilst that in the matrix of the 90° 
plies will remain unaltered if the transverse modulus is assumed to be similar to 
the modulus of the matrix material. The results of these calculations lead to the
c
o  r r  /  3 3 3 3 3 3N r i / . 3  3 3 3 3>J
8 [£<,0-6 —ys +y* -y?■% -Vi) +ET^s  -y* -yi +d  )J
(5.10)
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stress values shown in figure5.18(c).
Finally, the total stress distribution across the tensile half of the bend test sample 
may be calculated. By adding a value of 58 MPa for the residual tensile stress in 
the matrix in the 0° plies (Pryce and Smith, 1994) the total matrix stress for plies 
of this orientation can be determined easily. The total stress in the matrix of the 
90° plies, however, is more difficult to obtain. Beyerle et al. (1992) and Pryce and 
Smith (1994) reported a value of approximately 23 MPa (tensile) for the residual 
in-ply stress, associated with the mismatch in coefficients of thermal expansion 
between the plies, however, a contribution from the residual stress due to the 
mismatch in thermal expansion coefficients between fibre and matrix needs to be 
considered also. Using the relationship :
€ = Act AT(5-11)
where A «  = am • a, = 1.3 x IO'15 IC1 and AT = 1200 °C gives a value for € of 
0.156%. However, by taking into account possible modifying effects, for example, 
the relative Young’s moduli and volume fractions, a more realistic value for the 
average residual thermal strain throughout the matrix may be of the order of one 
half of this i.e. 0.078%. This matrix strain then converts to a residual stress of 
approximately 70 MPa in the matrix and, adding this to the in-ply stress value of 
23 MPa, gives a total residual stress of 93 MPa. The total matrix stress in the 90° 
plies is then seen to vary in the manner shown in figure 5.18(d). The complete 
stress profile of the tensile half of the bend test sample at the onset of non-linear 
behaviour is depicted in figure 5.19.
It was suggested in Chapter 4 that a stress of approximately 170 MPa was
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required to create cracks in either ply orientation. The values shown in figure 
5.19 suggest that this level of matrix stress is attained in the 90° ply furthest from 
the neutral axis and this ply would, therefore, be the first to crack. Figure 5.15 
appeared to indicate that this was not the observed cracking sequence as 
numerous cracks were seen to cross the 0° plies and the ply interfacial region but 
were arrested after penetrating only a few fibre diameters into the transverse ply. 
This effect could be explained by suggesting that the interface between the matrix 
and fibres acted to reduce the stress intensity, blunting the advancing crack tip 
sufficiently to prevent further crack growth. However, the 90° plies would be 
expected to crack prior to the adjacent 0° plies with the crack front proceeding 
towards the longitudinal plies. Some evidence to support this alternative cracking 
sequence may be seen in figure 5.20 where the cracks observed in adjacent 0° 
plies appeared to be coplanar, i.e. continuous. This suggests that the initial 
cracking may have occurred in the 90° ply and propagated in both directions 
towards the 0° plies but that the crack opening was too small to be detected. 
More experimental work is, therefore, necessary to confirm the cracking sequence.
The tensile composite stress of approximately 55 MPa reported by Beyerle et al 
(1992) for the onset of non-linear behaviour, calculated from stress/strain curves 
generated from tensile and four-point flexure tests, was much lower than the value 
of 128 MPa obtained in this study. As indicated earlier this difference is due to 
the geometry of the flexure test sample since only the 0° surface ply will be 
subjected to the maximum applied stress and the sample may behave, initially, 
more like the unidirectional material. The three-point flexure test also samples a 
smaller population of flaws and this effect would contribute to a higher stress level 
being attained at the onset of non-linear behaviour from flexure testing compared
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to that determined from tensile testing.
The effect of thermal shock on the stress required to induce non-linear behaviour 
appeared to be minimal for all thermal regimes. This result would not be 
expected as it had been suggested previously that the interphase would probably 
undergo detrimental oxidative reactions at the elevated temperatures used in this 
study (Cooper and Chyung, 1987). The appearance of samples after thermal 
shock treatment (§ 4.4.2.2) indicated, however, that cracking was confined to the 
central plies, i.e. no surface cracks. The stress to initiate cracks, therefore, may 
be determined by the properties of the components of the composite material. 
Since it was suggested in Chapter 4 that monolithic CAS may not be affected, 
adversely, at the temperatures used in this study, the stress to produce non-linear 
behaviour would be similar to that required for the as-received material.
c) Flexure strength
The flexure strength of the as-received [0/90]3s cross-ply material was calculated 
as 500 MPa compared to a value of 980 MPa for the unidirectional composite 
(see § 5.3.1) and was considerably higher than the value of 320 MPa obtained by 
Beyerle et al. (1992). This lower value was obtained using a four-point flexufe test 
mode, however, and the same group reported a value of 230 MPa for the 
maximum stress sustainable in a tensile test. As discussed in § 5.3.1 the apparent 
flexure strength of the unidirectional material, as determined from the three-point 
mode, may be 2.2 times greater than that given by tensile test results. If this 
relationship can be considered to be valid for the cross-ply material then, based 
on the results of Beyerle et al. for tension, the flexure strength becomes 506 MPa 
and is, therefore, consistent with the present work.
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The value of 500 MPa for the flexure strength of the cross-ply composite is 
approximately half the value obtained for the unidirectional reinforced material. 
If it is assumed that, at the point of maximum applied stress, the interphase in the 
transverse ply has debonded, the composite may be considered to consist of 0° 
plies and matrix, thus reducing the volume fraction of fibres by 50%. This seems 
a reasonable assumption and, since the matrix will have fractured at this level of 
applied stress, the strength will then be determined, predominantly, by the fibres. 
The consequent reduction in flexure strength of the cross-ply composite is then 
consistent with the measured value, supporting the view given by Beyerle et al 
(1992) that fibres in the transverse direction have little effect on the strength of 
the composite.
Figure 5.16 indicated the presence of both shear and bending induced cracks in 
the transverse plies after the peak load had been reached. However, as shown 
in figure 5.14(c), transverse cracks had traversed the side face of the sample prior 
to the introduction of shear cracks and failure, therefore, appeared to be due to 
bending.
5.5 CONCLUDING REM ARKS
5.5.1 UNIDIRECTIONAL NICALON/CAS
Results from three-point flexure tests on samples of unidirectional Nicalon 
reinforced CAS showed that there was little change to the value of Young’s 
modulus for all thermal ageing treatments used in this study. After thermally 
shocking aged samples, however, the modulus decreased with increasing severity 
of thermal shock. For example, after thermally ageing at 650 °C for 6 hrs then
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water quenching Young’s modulus reduced by 15% from the as-received value. 
The reduction in modulus was due to the presence of cracks after thermally 
shocking. The extent of cracking was suggested to be dependent upon any 
thermally induced modifications to the interphase. This would alter the stiffness 
of the composite and be indicated as a change in Young’s modulus.
The onset of non-linear behaviour appeared to be unaffected by less severe 
thermal treatments i.e. ageing below 500 °C. For some higher temperature 
thermal ageing regimes, however, the onset of non-linearity was at a stress level 
only 50 % of the as-received value. It was proposed that the observed trends may 
be a consequence of changes in the interfacial shear stress. The resistance to 
matrix cracking may be reduced at temperatures in which oxidative reactions 
occur in the carbon-rich interphase and, at higher temperatures, the resistance 
may increase due to the formation of a silica-rich interphase; the progression of 
these reactions being controlled by the duration of thermal ageing. Although a 
similar trend may be discernable for the thermally shocked samples, the level of 
stress required to produce non-linear behaviour appeared to recover in some 
samples towards that approaching the as-received value, e.g. all samples aged at 
800 °C could withstand an applied stress in excess of 225 MPa before exhibiting 
non-linear behaviour compared to the as-received value of 265 MPa. It was 
suggested, therefore, that under these conditions samples already containing 
cracks prior to bend testing may require greater applied stresses to propagate 
existing cracks or to initiate new cracks than in uncracked samples.
The majority of flexure strength values of thermally aged samples of unidirectional 
reinforced material were within 12% of the as-received strength. Although flexure
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strength is controlled primarily by fibre properties a possible trend in values was 
noted in which similar interfacial reactions to those cited above were suggested 
as contributing factors. The flexure strengths of quenched samples followed a 
similar trend to that exhibited by the onset of non-linear behaviour and the 
change in failure mode, from graceful at low temperatures to brittle at the most 
severe thermal treatments, was used to support the view that modifications to the 
interphase had occurred.
Multiple thermal shocks appeared to have little effect on the Young’s modulus of 
the unidirectional material i.e. 6 hrs ageing and then a single quench gave similar 
values to those obtained from samples exposed to 6 cycles of ageing for 1 hr and 
then thermal shocking. Stress at the onset of non-linear behaviour for a particular 
temperature, however, was considerably reduced for multiple quenching above a 
temperature differential of 500 °C e.g. stress reduced from 200 MPa for 6 hrs 
ageing and a single quench from AT = 650 °C to 120 MPa for similar total ageing 
time and temperature but after 6 quenches. Flexure strength data followed a 
similar pattern to that obtained for the onset of non-linear behaviour, with a 
reduction from 890 MPa for 6 hr single quench to 620 MPa for 6 cycles of lhr 
ageing and quenching. It was proposed that these observed changes to retained 
mechanical properties exhibited by the multiply shocked samples were due to the 
formation of matrix cracks during the thermal shock process. This led to the 
availability of more, or extended pathways for the ingress of atmospheric oxygen 
into the bulk of the sample, thus promoting interfacial reactions.
5.5.2 [0/90]3s CROSS-PLY NICALON/CAS
The results of Young’s modulus measurements on as-received samples of [0/90]3s
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Nicalon/CAS indicated a value of 105 GPa compared to the unidirectional value 
of 120 GPa. Thermally shocking the cross-ply samples after ageing for 1 hr 
showed a reduction in modulus for temperature differentials greater than 500 °C, 
similar to the trend exhibited by the unidirectional material. Although multiple 
quenching from low values of AT appeared to have minimal effect on the modulus 
of the unidirectional Nicalon/CAS material a pronounced reduction was observed 
at AT = 400 °C for the cross-ply composite where a modulus value of 86 GPa was 
similar to that obtained for a single quench from 640 °C. It was suggested that 
this decrease in modulus at temperature differentials below that required for the 
unidirectional material was due to larger inherent flaws in the cross-ply composite, 
probably caused by difficulties encountered in processing the more complex 
configuration.
The applied stress at the onset of non-linear behaviour in the cross-ply material 
appeared to show little variation for all thermal regimes used in this project. The 
actual value for as-received cross-ply was less than 50% of that obtained for the 
unidirectional material, i.e. 113 MPa compared to 256 MPa and is attributed to 
the different damage patterns caused by thermal shock or mechanical loading.
Flexure strength of as-received cross-ply material was approximately 50% of the 
unidirectional composite. This is because the fibres in the transverse direction 
having little effect on the overall strength. The flexure strength of single 
quenched samples did not appear to be affected until temperature differentials 
of 600 and 700 °C were employed. The multiple quenched samples, however, 
exhibited the same trend but at temperatures at least 150 °C lower than for the 
single quench. This reduction is attributed to the increasing degree of damage
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caused to the matrix with each successive thermal shock which enables an 
accelerated rate of ingress of oxygen into the bulk of the material.
_______________Chapter 5: Flexure Testing of Nicalon Reinforced CAS Composites_______________
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Q = quenched SC = slow cooled
Table 5.2 Three-point bend test settings.
Test
Span/Depth
Ratio
X-head 
speed 
mm min1
Chart speed 
mm min'1
Maximum
load
N
Bend 20 0.5 100 200
Shear 5 0.5 200 500
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Table 5.3 Mechanical properties of as-received unidirectional Nicalon/CAS
Young’s 
modulus / GPa 118 123 127 119 116 121
mean
120.7
s.d.
3.6
Onset of non- 
linearity / MPa 327 316 265 276 201 204
mean
264.8
s.d.
49.0
Flexure 
strength / MPa 1021 850 1010 991 979 1041
mean
982
s.d.
62.3
Table 5.4 Young’s modulus of thermally treated unidirectional Nicalon/CAS
Young’s modulus / GPa
AT
(°C)
Thermal treatments
lhr
SC
6hr
SC
24hr
SC
lhr
Q
6hr
Q
24hr
Q
6xlhr
Q
200 1 2 0  1 1 4 1 2 4  1 1 5
300 1 2 2  1 2 5 1 2 5  1 2 0  
1 2 3  1 2 4
400 1 2 0  1 2 1  
1 1 9  1 1 7
500 1 2 0 1 1 9 1 1 8 1 1 7 1 1 4  1 1 3  
1 1 0  1 0 7
1 0 7 1 1 0  1 0 8  
1 0 6
650 1 2 2 1 2 0 1 1 5 9 8 1 1 0  1 0 4  
1 0 0  9 5
1 0 8  1 1 9 9 9  9 9  
1 0 2
800 1 2 1 1 2 2 1 2 4 1 1 1 1 1 5 1 0 1
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Table 5.5 Onset of non-linearity of thermally treated unidirectional Nicalon/CAS
Onset of non-linearity / MPa
AT
(°C)
Thermal treatments
lhr
SC
6hr
SC
24hr
SC
lhr
Q
6hr
Q
24hr
Q
6xlhr
Q
200 3 0 0  3 0 4 2 7 0  2 9 9
300 2 6 2  2 3 8 2 2 9  2 4 1  
2 3 2  2 5 4
400 1 8 9  2 3 5  
1 7 6  1 8 9
500 2 2 0 1 2 5 1 0 5 2 3 0 2 0 7  2 4 9
2 2 3  2 2 3
1 2 2 1 3 8  1 6 1  
1 5 6
650 2 2 3 1 1 7 8 1 1 6 5 2 1 9  1 7 9  
2 3 5  1 6 5
1 3 2  2 0 1 1 0 1  1 2 5  
1 1 5
800 2 3 6 2 2 2 1 4 1 2 4 7 2 3 1 2 3 0
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Table 5.6 Flexure strength of thermally treated unidirectional Nicalon/CAS
Flexure strength / MPa
AT
(°C)
Thermal treatments
lhr
sc
6hr
SC
24hr
SC
lhr
Q
6hr
Q
24hr
Q
6xlhr
Q
200 1 0 6 8
8 7 2
1 0 1 4
1 0 1 1
300 1 0 2 8
8 7 4
1 0 8 7
9 6 6
1 0 6 2
9 7 5
400 1 0 7 5
1 1 4 2
1 0 4 2
1 0 9 4
500 9 7 9 1 0 5 3 9 2 4 9 5 0 1 0 7 8  9 5 1  
1 0 6 1
8 6 0 9 4 7  8 8 5  
8 9 3
650 9 4 9 8 8 1 8 6 9 7 7 9 9 6 4  8 8 1  
8 9 6  8 2 0
8 6 4  6 7 5 6 3 5  6 1 0  
6 1 5
800 9 4 2 8 4 3 9 6 3 9 8 7 8 8 0 8 0 4 9 6 3
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Table 5.7 Literature values for mechanical properties of unidirectional 
Nicalon/CAS
Group
Type of 
test
Young’s
modulus
GPa
Matrix
cracking
MPa
Non-
linearity
MPa
UTS
MPa
MOR
MPa
Manufac­
turer
Tensile 124 445
Kim & 
Pagano
Tensile 127 132 212 505
Taylor Tensile 
3pt bend 
4pt bend
127
127
126
112
178
144
380
700
500
Beyerle 
et al
Tensile 
4pt bend
130-150 150-200
200
430±30
650
Pryce & 
Smith
Tensile 128 96 400
Wang & 
Parvizi
Tensile 131 200 230
Bleay 
et al
Tensile 
3pt bend
125 330
790
Davies 
et al
Tensile 127 189.5
m  =  7 . 5 9
365.5
m  =  1 2 . 2 8
Pharoah 
et al
3pt bend 340 780
Karandikar 
& Chou
Tensile 132 156 260
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Table 5.8 Mechanical properties of as-received [0/90]3s Nicalon/CAS
Young’s 
modulus / GPa 111 112 102 94
mean
105
s.d.
7.3
Onset of non- mean s.d.
linearity / MPa 120 112 107 113 113 4.6
Flexure mean s.d.
strength / MPa 554 599 406 430 497 81.3
Table 5.9 Young’s modulus of thermally treated [0/90]3s Nicalon/CAS
Young’s modulus / GPa
AT Thermal treatments
(°C) lhr Q 6 x lhr Q
200 112 103 110 105 95 99 93
300 110 115 108 100 92 91 102
400 110 104 103 101 88 85 90
600 100 91
700 79
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Table 5.10 Onset of non-linearity of thermally treated [0/90]3s Nicalon/CAS
Onset of non-linearity / MPa
AT Thermal treatments
(°C)
lhr Q 6 x lhr Q
200 108 109 116 114 117 118 118
300 139 122 111 109 98 108 107
400 94 101 92 110 102 93 101
600 91 89
700 92
Table 5.11 Flexure strength of thermally treated [0/90]3s Nicalon/CAS
Flexure strength / MPa
! AT Thermal treatments
! (°Q lhr Q 6 x lhr Q
200 515 551 536 504 506 501 506
300 564 540 503 503 508 451 421
400 494 393 536 534 482 380 406
600 353 461
700 301
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W
Figure 5.1 Schematic representation of three-point bend test configuration.
Figure 5.2 Load/displacement curve from three-point bend test of as-received 
unidirectional Nicalon reinforced CAS.
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Figure 5.3 Tensile surface of three-point bend test sample of unidirectional 
Nicalon/CAS at onset of non-linear behaviour.
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Temperature differential (deg C) 
-e - 1 hr —afc— 6hr - s -  24hr
Temperature differential (deg C)
-x— ih r  —i— 6hr —x ~  24hr
Figure 5.4 Young’s modulus of thermally treated unidirectional Nicalon/CAS.
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■e- 1hr 6hr - s -  24hr
temperature differential (deg C)
■*- 1 hr 6hr 24hr
Figure 5.5 Onset of non-linearity of thermally treated unidirectional 
Nicalon/CAS.
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Temperature differential (deg C)
■b — 1 hr -rtk- 6hr — 24hr
Temperature differential (deg C)
1hr — 6hr 24hr
Figure 5.6 Flexure strength o f thermally treated unidirectional Nicalon/CAS.
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Figure 5.7 Reflected light photomicrographs of the effect of thermal ageing
temperature on the cracking pattern in unidirectional Nicalon/CAS subjected to
three-point bending: a) 300 °C, b) 500 °C and c) 800 °C.
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Temperature differential (deg C)
+<— 6 x 1hr Q
Figure 5.8 Young’s modulus of unidirectional Nicalon/CAS after six cycles of 
thermally ageing for 1 hr and quenching.
+<-6x1 hrQ
Figure 5.9 Onset of non-linearity of unidirectional Nicalon/CAS after six cycles 
of thermally ageing for 1 hr and quenching.
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Temperature differential (deg C) 
—x — 6x1 hr Q
Figure 5.10 Flexure strength of unidirectional Nicalon/CAS after six cycles of 
thermally ageing for 1 hr and quenching.
Temperature differential (deg C)
x~ -|h rQ  * 6x1 hr Q
Figure 5.11 Young’s modulus of thermally treated [0/90]3s Nicalon/CAS.
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Temperature differential (deg C)
x — 1hr Q —*— 6x1hrQ
Figure 5.12 Onset of non-linearity of thermally treated [0/90]3s Nicalon/CAS.
Temperature differential (deg C)
1hr Q —<— 6 x 1hr Q
Figure 5.13 Flexure strength of thermally treated [0/90]3s Nicalon/CAS.
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Figure 5.14 Schematic representation of the sequence 
[0/90]3s Nicalon/CAS subjected to three-point bending.
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(b )
Figure 5.15 Reflected light photomicrographs of [0/90]3s Nicalon/CAS showing
a) crack in 0° ply and b) cracks not penetrating the 90° plies.
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Figure 5.16 Reflected light photomicrograph of [0/90]3s Nicalon/CAS showing
crack distribution at peak stress.
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i
(a)
(b )
(c)
(d )
Figure 5.17 Schematic representation of the sequence of cracking events in 
[0/90]3s Nicalon/CAS subjected to tensile stresses. [After Beyerle et al, 1992
171
Chapter 5: Flexure Testing of Nicalon Reinforced CAS Composites
, . Neutral axis „  _  .
y W  ^  0_ _o . £  cr0 (M P a )..................................<1 O.&90 (MPa)
90° ° °o 90°
90 90'
o
0.193---------------------- 2—  0.017 21.3-----------;------------2-----14.8
0° 0° 1 —
0.387----------------    -■ -o 0.034 42.7--------- —-------=   ^ 29.6
90 ° ° 90° ° °
0.580---------- , 2-1- 0.052 64.0-------- —------------- 2_L_ 44.4
0° - -  0° —
0.773  r = =  0.069 85.3----------- ------- = ....... 59.0
0.967 --------------------------L 0.086 107_______________— 0 0 0 74 0
o° • = —  o° ■....  .;--------
1.160-------------   0.103 128...................... ....  —
Tensile surface
(a) (b)
(M Pa)
15
31
47
62
78
93
90°
90°
0°
90°"
~0°"
(M Pa) a 0 (MPa)
.0. m°m
o c» _
o o o
14.8
29.6o O
-2-2- 44.4
59.0
74.0
73
89
105
120
136
151
90°
0°
90
0°
90°"
" o 5"
O'* (MPa)
0 o
O O 
O o
93
108
123
137
152
167
( c ) (d)
Figure 5.18 Schematic representation of [0/90]3s Nicalon/CAS in three-point 
bending showing a) strain distribution b) applied composite stress c) applied 
matrix stress and d) total matrix stress at onset of non-linear behaviour.
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Figure 5.19 Schematic representation of [0/90]3s Nicalon/CAS in three-point 
bending showing stress profile in tensile side face at onset of non-linear 
behaviour.
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Figure 5.20 R e fle c ted  light photom icrograph o f coplanar cracks in 0° plies o f  
tensile side face o f  [0/90]3s N ica lon/CAS subjected to three-point bending.
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Chapter 6
Application o f AC K  to Thermal Shock Behaviour 
o f Nicalon/CAS Composites
6.1 INTRO D U CTIO N
The preceding chapters have presented results concerning the effect of thermally 
ageing/shocking and mechanically loading samples of Nicalon fibre-reinforced CAS 
composite. A  key parameter in characterising the performance of the material 
was the onset of non-linear behaviour (as indicated by the initial deviation from 
a straight line on a load-displacement curve obtained from bend tests) and this 
was seen to be related to the occurrence of cracks in the matrix of the samples. 
Modifications to material behaviour due to thermal ageing and/or the introduction 
of cracks generated by thermal shock were discussed and attempts were made to 
relate the observed behaviour to the levels of applied stress.
Clearly, the application of ceramic composite materials in severe environments, 
e.g. jet engines, limits their use to components in which the stress remains^below 
the level required to induce the first matrix crack. A  quantitative understanding 
of the applied stress associated with this phenomenon is, therefore, a pre-requisite 
for designing with fibre-reinforced CMCs. In the present chapter the suitability 
of the classic model of Aveston et al (ACK)(1971) developed originally for 
determining matrix cracking in unidirectional brittle matrix composites^under 
mechanical loading is applied to thermal loading. The structure of the chapter is 
as follows: firstly some relevant results from earlier chapters are reviewed. Then
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the applicability of ACK in predicting onset of cracking due to thermal shock in 
unidirectional reinforced CAS and in the unidirectional layers of cross-ply 
laminate is considered. Finally, the "tunnelling crack" model of Hutchinson and 
co-workers is used to consider the data for 90° ply cracking in the cross-ply 
composite.
6.2 MONOLITHIC CAS *
The inherent brittleness of monolithic CAS material precludes its application in 
environments in which significant mechanical and thermal stresses are 
encountered. However, a knowledge of the failure stress of the matrix of a CMC 
is an important starting parameter for modelling purposes.
A  simplistic determination of the thermally applied stresses to initiate damage in 
the material was considered in § 4.2. At failure the relationship between 
thermally applied stress due to thermal shock (o^) and fracture stress (o f) was 
given by Buessem (1955) as :
A.EctAT cei
“  °/  ■ - T + T  (6 ' 1}
where E is Young’s modulus, a is the coefficient of linear thermal expansion, AT 
is the thermal shock temperature differential, v is Poisson’s ratio and A  is a non- 
dimensional stress reduction factor. The first four terms may be determined 
experimentally; the stress reduction factor, however, has no unique value but is 
dependent upon a number of variables and was discussed in detail in Chapter 4. 
By equating the applied stress due to thermal shock at the temperature for 
cracking onset (AT = 360 °C) with that applied mechanically to cause fracture
______ Chapter 6: Application of ACK to Thermal Shock Behaviour of Nicalon/CAS Composites_______
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(Davies et al 1993) the stress reduction factor was calculated to be 0.64.
6.3 UNIDIRECTIONAL NICALON REINFORCED CAS
6.3.1 Intro duction
A  similar procedure to that used for calculating stresses in the monolithic CAS 
was employed to obtain the matrix axial stress associated with the onset of matrix 
cracking in planes perpendicular to the fibres. Whilst the thermally applied stress 
can be calculated using equation (6.1) the total stress has to take into account the 
residual, processing stresses. A  number of approaches have been reported in the 
literature for determining residual stresses and the value chosen for this study was 
based upon the concentric cylinder model of Powell et al (1993b). This model 
assumed a processing, hence stress-free, temperature of 1200 °C. The matrix axial 
stresses introduced by the cooling process were assumed, therefore, to be zero at 
this temperature but would increase linearly to give a tensile stress in the matrix 
of 86 MPa at 0 °C. This value of residual stress was comparable with other values 
quoted in the literature (e.g. Beyerle et al 1992).
This approach to determining the overall stress levels was discussed in § 4.3.2. 
The total stress (applied + residual) for matrix crack initiation due to the thermal 
shock process at the critical temperature differential of AT = 400 °C was equated 
to the values for the total stress to initiate matrix cracks in room temperature 
quasi-static tests. Results from tensile tests (e.g. Beyerle et al 1992) indicated the 
total matrix stress to be 167 MPa, hence, equivalent thermal stresses would consist 
of a residual stress of 57 MPa (at 420 °C) and an applied stress of 110 MPa; 
leading to a value for the stress reduction factor (A ) of 0.5.
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6.3.2 Predictive model
6.3.2.1 Determination of maximum temperature differential 
The model of Aveston, Cooper and Kelly (ACK) (1971) for the initiation of 
matrix cracking in a fibre-reinforced brittle matrix composite is now invoked in an 
attempt to predict the maximum permissible operating temperature before matrix 
cracking of the unidirectional Nicalon reinforced CAS material would occur under 
thermal shock conditions.
The relationship between matrix cracking strain (emu) and material properties was 
given by ACK as :
emu 12* W / T  (6 .2 )
E  E l r Vc m" r m
where E is Young’s modulus, V  is the volume fraction, r is the fibre radius, t is 
the interfacial shear stress and y is the fracture surface energy; m, f and c refer 
to the matrix, fibres and composite respectively. There are several important 
assumptions in this model. The fibre and matrix are considered to have well 
defined failure strains; there is no bonding between fibres and matrix so that only 
frictional interactions occur and there is no consideration of the source of the 
crack or the crack growth mechanism but, instead, it is assumed implicitly that 
large pre-existing flaws are present and that cracks span the entire cross-section 
instantaneously. Development of this model by Marshall, Cox and Evans (1985) 
and McCartney (1989) has shown that this simple model cannot be used to predict 
multiple crack growth but is suitable for calculating the worst case, or lower 
bound, value of initial matrix cracking strain.
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D o w n w a r d  t h e r m a l  s h o c k s  a p p l y  t e n s i l e  s t r e s s e s  t o  t h e  s u r f a c e  o f  t h e  m a t e r i a l  a n d  
e q u a t i o n  ( 6 . 2 )  c a n  b e  c o n v e r t e d  t o  m a t r i x  s t r e s s  v a l u e s  b y  u s in g  t h e  r e l a t i o n s h i p  
a „ m  =  E me mu t o  g i v e :
1/3
( 6 . 3 )
w h e r e  Tm ( =  2 y m)  is  t h e  m a t r i x  f r a c t u r e  e n e r g y .
a.
6tT E, E Vfvi f  m f
E rVc nt
T h e  l e v e l  o f  s t r e s s  t o  c a u s e  m a t r i x  c r a c k in g  s h o u ld  b e  t h e  s a m e  w h e t h e r  a p p l i e d  
m e c h a n i c a l l y  o r  t h e r m a l l y .  T h i s  v a l u e  c a n  b e  e q u a t e d ,  t h e r e f o r e ,  w i t h  a  
t e m p e r a t u r e  d i f f e r e n t i a l  v i a  t h e  r e l a t i o n s h i p  d e t e r m i n e d  b y  B u e s s e m  ( 1 9 5 5 )  a s  :
( 6 . 4 )
(1  -  v )
w h e r e  o ts is  t h e  s t r e s s  d u e  t o  t h e r m a l  s h o c k .  H o w e v e r ,  r e s i d u a l  s t r e s s e s  w i t h i n  t h e  
c o m p o s i t e  m u s t  a l s o  b e  i n c lu d e d .  A t  t h e  o n s e t  o f  m a t r i x  c r a c k i n g  omu = ots +  or 
h e n c e ,  b y  c o m b i n i n g  a n d  r e a r r a n g i n g  e q u a t i o n s  ( 6 . 3 )  a n d  ( 6 . 4 )  a n  e x p r e s s i o n  f o r  
t h e  m a x i m u m  t e m p e r a t u r e  d i f f e r e n t i a l  ( A T )  c a n  b e  o b t a i n e d  :
AT 1 —v 
A E ,„a „,
f 6xT E . E v f f3m f  m T f
L \
E rVc m
( 6 . 5 )
w h e r e  t h e  v a l u e  o f  A ,  t h e  s t r e s s  r e d u c t i o n  f a c t o r ,  w a s  c a l c u l a t e d  i n  C h a p t e r  4  t o  
b e  0 .5  a n d  o r is  t h e  r e s i d u a l  m a t r i x  a x i a l  s t r e s s  a t  t h e  t h e r m a l  s h o c k  t e m p e r a t u r e .  
T h e  r e m a i n i n g  t e r m s  t h a t  h a v e  n o t  b e e n  d e t e r m i n e d  e x p e r i m e n t a l l y  a r e  t h e  
i n t e r f a c i a l  s h e a r  s t r e s s  (t) a n d  t h e  m a t r i x  f r a c t u r e  e n e r g y  (rm). T h e r e f o r e ,  i f  
v a l u e s  f o r  A ,  t  a n d  Tm c a n  b e  d e t e r m i n e d  i n d e p e n d e n t l y ,  i t  m a y  b e  p o s s i b l e  t o
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predict the maximum operating temperature from equation (6.5). However, the 
choice for the value of A  has already ensured that the stresses match, hence it is 
the ability of the ACK model to predict cracking under mechanical load that is 
actually being tested.
6.3.2.2 Determination of interfacial shear stress
A  variety of techniques have been employed in attempting to determine the 
frictional interfacial shear stress ( t )  in the Nicalon/CAS composite. A  range of 
experimental values obtained using different approaches were summarised in a 
recent report (Lara-Curzio and Ferber 1994) and are reproduced in Table 6.1. 
It is clear that there is a large spread of values (3.5 - 19 MPa) but the majority fall 
within the range 10 -15 MPa. The experimental method used in this project was 
to measure the saturation crack spacing after the composite had been subjected 
to axial tensile stresses generated during flexure testing. This technique was 
chosen since it was based upon application of equal strain to the fibres and matrix 
whereas some of the other techniques were liable to distort the fibres relative to 
the matrix or used thin samples which may not have been representative of the 
bulk material.
On application of a tensile stress to the unidirectional composite a crack will form 
in the matrix perpendicular to the fibre direction. The crack will relieve the stress 
in the matrix at the crack plane and transfer the load to the fibres. If the strength 
and volume fraction of the fibres is sufficiently large then the composite will not 
fail as the load will be wholly supported by the fibres. However, due to the 
interfacial shear stress acting between the fibres and the matrix, the stress in the 
matrix will begin to increase from zero in the crack plane to the pre-cracked value
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at a distance, known as the transfer length (x'), from the crack (figure 6.1). 
Consequently, beyond a distance ±  x' from the crack the level of stress will permit 
further matrix cracking, and multiple cracks will occur if the defects in the matrix 
are sufficiently large to propagate at this level of applied stress. Increasing the 
stress further causes additional cracks to form at distances x' to 2x' apart. The 
maximum distance will be determined by the fracture strength of the matrix and 
the minimum distance will be controlled by the (fixed) rate that the stress is shed 
back to the matrix, thus preventing the matrix cracking stress from being attained 
and shielding any defects within the distance x' from adjacent cracks (figure 6.2).
The transfer length can be obtained from the relationship given, for example, by 
ACK (1971) as :
x' =
\ vf >
2x
(6 .6 )
where omu is the matrix cracking stress. Determination of a value for the transfer 
length using the saturation matrix crack spacing may be obtained from an analysis 
of a similar problem by Kimber and Keer (1982) which leads to the expression :
Sf  = 1.33+ (6-7)
where Sf is the saturation crack spacing.
Combining equations (6.6) and (6.7) allows an estimation of the value of 
interfacial shear stress, t, as:
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F a r
x = _£ i . mu ■ (6 .8 )
K, 1.55,
Samples of the unidirectional composite, fractured in the flexure tests described 
in Chapter 5, were used to obtain the saturation crack spacing. The crack 
spacings were measured simply by using a ruler on an enlarged photograph of the 
tensile surface. Cracks were clearly defined on the polished surface (figure 6.3) 
and up to six sets of measurements were taken from areas adjacent to the fracture 
where the crack frequency appeared to remain constant; the crack density reduced 
with distance from the fracture since only a small volume of the sample was 
subjected to maximum tensile stress in the three-point bending mode. The 
average values of crack spacing for several thermally shocked samples are shown 
in Table 6.2.
Equation (6.8) was then used to calculate the interfacial shear stress (t) for these 
samples of unidirectional reinforced composite. The values for total matrix 
cracking stress (omu) used in this equation were obtained from three-point bend 
test data given in Chapter 5 for the onset of non-linear behaviour. Matrix 
cracking stress values were calculated using the constant strain relationship to 
convert the applied composite stress to matrix stress and then adding the room 
temperature residual thermal stress. Values of interfacial shear stress calculated 
following this procedure are shown in Table 6.2. These results are in good 
agreement with the suggestions in previous chapters that increasing the severity 
of thermal treatments leads to lower values of t, although the calculated value of 
24 MPa for the interfacial shear stress of the as-received material appears higher 
than values obtained for this composite by research groups using other techniques
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(Table 6.1). However, since omu values obtained from flexure tests are higher 
than from tensile tests, t values are also expected to be higher than those 
obtained by workers using crack spacings from tensile tests, although the rankings 
should be correct.
6.3.2.3 Determination of matrix fracture energy
A  variety of techniques have been developed to obtain fracture energies of 
ceramic and ceramic matrix composite materials (Schneider, 1991a). The majority 
of the techniques rely upon measuring fracture toughness, or critical stress 
intensity factor, Kc, using relatively large samples, e.g. double cantilever beam and 
torsion beam, or by machining well-defined notches in beams. Indentation 
techniques have become popular due to the small amount of material necessary 
for the test and the relative ease of sample fabrication. Consequently, over twenty 
equations have been developed in attempts to determine fracture toughness from 
indentation tests and several review articles have compared the relative merits of 
the different approaches (Lawn and Wilshaw, 1975; Ponton and Rawlings 1989a 
and b). A  simple approach using an indentation strength method based on flexure 
testing (Chantikul et al 1981) does not require measurement of the cracks 
themselves but only the dimensions of the indenter imprint. An alternative 
indentation method, using a fracture mechanics analysis of a semi-elliptical crack 
(Schneider, 1991b), also requires flexure samples, although both the length and 
depth of cracks have to be determined.
An indentation approach to determining the fracture energy of the CAS was 
chosen for this project since there was only a small amount of material available. 
Following the approach of Chantikul et al (1981) the stress intensity factor (K)
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is given by :
K = r, l/3\3/4 (6.9)
where q is a geometric constant (=  0.59 ± 0.12), E is Young’s modulus, H is the 
hardness, o3b is the applied stress and Pj is the indenter load. Determination of 
the hardness of ceramics has received considerable attention (e.g. McColm, 1990) 
and a method used by Lawn and Marshall (1979) gives:
where a0 is a geometric constant ( = 2 for Vickers indenters ) and ai ~ V2 length 
of the indentation impression diagonal.
A  set of flexure test samples of the monolithic CAS material was prepared and 
an indentation, using a Vickers indenter, was placed in the centre of one surface 
of each sample, with the apices parallel to the axes of the sample (figure 6.4). 
Diagonals of the resulting indentations were measured using reflected light and 
confocal laser scanning microscopies. These techniques were also able to indicate 
the lengths of cracks (if any) emanating from the indentation (figure 6.5) and 
identify any near-surface damage which may invalidate the flexure test results. 
Samples, with the indentation on the tensile side, were fractured in the three- 
point bend test mode, as described in Chapter 5, in order to obtain values for the 
fracture stress. The flexure strength of each sample was calculated using the 
relationship given in Chapter 5 as :
H  =
2
(6 .10 )
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3 WL (6 .1 1 )
2 bd2
and the critical stress intensity factor was obtained by combining equations (6.9) 
and (6.10) to give :
The values obtained from tests using an indentation load of 19.62 N are shown 
in Table 6.3. The values for the hardness of the monolithic material are quite 
consistent and the mean value of 8.2 GPa is in close agreement with the value of
8.4 GPa obtained by Anstis et al (1981) for a glass-ceramic. The values 
calculated from equation (6.12) for the critical stress intensity factor were, 
generally, a little lower than the value of 2.5 MPa mA quoted by Anstis et al 
(1981) for a glass-ceramic tested using the double cantilever beam method.
The fracture energy (Tm) may then be determined from the relationship :
A  fracture energy value of approximately 46 J m'2 was calculated by using a mean
the top end of the range of 15 to 40 J mf2 that is usually cited in the literature as 
being representative of fracture energies for glass-ceramics; Beyerle et al (1992)
et al (1993) obtained a value of 24 J m"2 for the fracture energy of monolithic 
CAS from fractographic analysis of flexure test samples. A  reduction in IQ, from
(6 .1 2 )
(6.13)
E
value of 2.1 MPa m1/2for the stress intensity factor. This fracture energy is above
reported a value of 25 J m‘2 for CAS using a notched beam method and Davies
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2.1 MPa m‘/2 to 1.6 MPa mI/2 would be necessary to obtain a fracture energy 
commensurate with the value of 25 J m'2 quoted above.
An alternative method was tried in an attempt to determine the fracture energy 
of the monolithic material. This relied upon measurement of the crack length 
(2c) and depth (ad) of similarly indented samples (figure 6.4) in order to 
determine the stress intensity factor (Schneider, 1991b). The method employed 
related the stress intensity factor (Kc) to the flexure strength (o3b) and crack 
dimensions by the following relationship:
= l.X2o u (*ad)111 (6 14)
♦
where cj) is a function of the ratio a/2c (Kobayashi et al 1965).
Whilst it was possible to measure the surface crack lengths using optical or 
confocal laser scanning microscopies the depth of the cracks was more difficult to 
determine. Indented samples were treated with a variety of dye penetrants prior 
to fracture along the indentation induced crack path but a method of attempting 
to image the fracture surfaces by scanning electron microscopy was not usually 
successful. One attempt did produce a value for the critical stress intensity factor 
(Kc) of 1.9 MPa m,/2 from a measured crack length of 150 pm, a crack depth of 
63 pm and a flexure strength of 177 MPa. Inserting this value of Kc into equation
(6.13) led to a value of 36 J m"2 for the fracture energy of monolithic CAS.
6.3.2.4 Validation of ACK model
By inserting values of interfacial shear stress (t) and matrix fracture energy (rm)
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into equation (6.5) the validity of using the ACK relationship for calculating the 
cracking threshold and hence the most severe thermal shock to which the 
unidirectional Nicalon reinforced CAS may be subjected without cracking the 
matrix can be tested. The relationship between the different parameters is shown 
in figure 6.6. The relative values of Tm for a range of values of t is given for 
temperature differentials (AT) between 250 and 500 °C. The box represents limits 
obtained from the majority of values of interfacial shear stress from Table 6.1 and 
a range of possible matrix fracture energies.
The values of Tm, however, are not the values often quoted for glass-ceramics and 
are lower than those measured for the bulk matrix material used in this work. 
The upper limit of 25 J m'2 is set by values reported by other research groups for 
monolithic CAS material and may be more accurate since the results were 
obtained from proven techniques using larger samples (e.g. single notch edge bend 
test). Their results may also provide a more realistic assessment of the maximum 
value for the fracture energy of the CAS matrix in the fibre-reinforced composite. 
This view is supported by observations made on samples of indented 
unidirectional Nicalon/CAS. Propagation of cracks was apparent in the monolithic 
CAS for indenter loads of 19.6 N but, as indicated in figure 6.7, for an indenter 
load of 9.8 N there was no apparent crack damage although there was a small 
amount of plastic deformation around the indenter imprint. For a similar indenter 
load in the cross-sectional plane of the unidirectional Nicalon reinforced CAS, 
however, there was clear evidence of cracks emanating from the indenter (figure 
6.8). These results indicate that the level of load applied by the indenter to cause 
cracking in the monolithic CAS cannot be assumed to be the same as that 
required to cause cracking in the CAS material after incorporation into fibre-
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reinforced composites.
The lower limit of 9.5 J m‘2 in figure 6.6 is that reported by Curtin (1993) in which 
the experimental data on multiple matrix cracking obtained by Beyerle et al. 
(1992) was used to calculate the interfacial shear stress, t, thus enabling a value 
for Tm to be inferred from the ACK model.
Matrix cracking was observed at a temperature differential of 400 °C and $ value 
for the interfacial shear stress at this temperature is assumed to be about 15 MPa 
(this is an average value for as-received material from Table 6.1). These values, 
also shown in figure 6.6, indicate that for the modified ACK model to predict an 
accurate severity of thermal shock for the onset of matrix cracking in the 
unidirectional Nicalon/CAS a matrix fracture energy of approximately 16 J m'2 
would be required. A  summary of fracture energy values and associated stress 
intensity factors is given in figure 6.9 and indicates that a reduction in the fracture 
energy from 25 J m*2 for the monolithic CAS material to 16 J m’2 for the matrix 
material is equivalent to a reduction of approximately 0.3 MPa mVz in the stress 
intensity factor. This may not be unreasonable since it should be noted that the 
fracture energies cited above were determined for monolithic CAS. Also, in the 
work of Powell et al. (1993b), cracking due to indentation was apparent in the 
cross-sectional plane of the composite at loads as low as 3 N whereas this study 
indicated that the load had to be increased by a factor of at least 3 before cracks 
were observed in the monolith.
There are two possible reasons for the apparent lower energy required to fracture 
the matrix of the composite. Firstly, residual stress fields generated in the matrix
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of the composite (see Chapter 4) become increasingly tensile as fibres are 
approached and secondly, comparison of figures 3.2 and 3.4 indicates that 
microstructural changes occur. An even distribution of nucleating agent in the 
monolithic material is replaced by segregation to grain boundaries in the 
composite, possibly due to differential cooling associated with the fibres, which 
may result in a change to the fracture toughness.
Although more accurate determinations of interfacial shear stress and the fracture 
energy of the matrix material would be necessary to make a detailed comparison 
between ACK and experimental values for matrix cracking in the unidirectional 
reinforced composite, figure 6.6 indicates clearly the interaction between 
interfacial shear stress, fracture energy and the thermal shock temperature 
differential.
6.4 CROSS-PLY NICALON/CAS
6.4.1 0° ply cracking
An approach based on the modified ACK model (equation 6.5) may also be used 
to predict the onset of matrix cracking in the longitudinal plies of the [0/90]3s 
configured Nicalon/CAS composite. The matrix cracking stress and the applied 
thermal stress are assumed to remain unaltered (i.e. the 0° ply in the cross-ply is 
assumed to behave like the unidirectional laminate) but the residual stress (or) will 
change. This residual matrix axial stress in the longitudinal plies was calculated 
by Pryce and Smith (1994) to be 58 MPa (tensile) at room temperature. If the 
material is assumed to be stress free at 1200 °C then the results shown in figure 
6.10 indicate that the initiation of matrix cracks in these plies should occur at a 
temperature differential (AT) of 480 °C. This overestimates the experimentally
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observed cracking threshold of 400 °C. However, the model is very sensitive to 
small variations in stress, since a change in the total matrix stress of only 2 MPa 
is associated with a temperature differential of approximately 10 °C. Also, it may 
be recalled that the stress at which the unidirectional layer was observed to crack 
in the cross-ply under mechanical loading was 151 MPa, then by using this value 
in figure 6.10 the derived critical temperature differential becomes 410 °C, which 
is very close to the experimentally determined value for the 0° ply. In using this 
second figure there is an implicit assumption that the in-situ flexure strength can 
be used as representative of the strength of the same ply in uniaxial tension; if 
anything the latter should be lower which would reduce AT further.
6.4.2 90° ply cracking
The relationship given by Beyerle et al (1992), from the work of Xia et al (1993), 
for the generation of tunnelling cracks in transverse plies of cross-ply composites 
can be used to calculate a lower bound for the applied composite cracking stress 
(oc) as a function of transverse ply thicknesses (t). The composite cracking stress 
was given as:
ac = Ec[gFT IET t],p -  arEc/ET (6-15)
where Ec is the composite Young’s modulus, Ej. is the Young’s modulus of the 
transverse plies, FT is the fracture energy of the transverse plies (estimated as 
Fm(l-V f)), oris the residual stress within the ply and g is a tunnel crack parameter. 
To calculate the total stress in the transverse plies we can assume that at the 
introduction of the first matrix crack the strain in the composite will be equal to 
the strain in the individual plies, i.e. ec = e0 = eT, hence the applied stress in the 
transverse plies is given as:
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° T ~E ffgTTj E Tt] 1/2 -  or (6.16)
Substituting values from Chapter 5 and using Tm = 25 J m'2 ar = 23 MPa and 
a calculated value for g of 1.33, gives a value for the total stress in the 90° ply, 
which is approximately equal to the matrix stress (omu), of 72.4 MPa for the onset 
of tunnelling cracking in the 360 pm thick central transverse ply and 102.4 MPa 
for the thinner (180 pm) transverse plies.
A  similar argument to that used in §6.3.2 for the unidirectional Nicalon/CAS 
material may be employed in order to relate stresses in the transverse plies to the 
critical temperature differential (AT) for crack initiation. This relationship is given
where or is the residual stress in the transverse plies at the thermal shock 
temperature and is assumed to vary linearly from 23 MPa at 0 °C to 0 MPa at 
1200 °C. The temperature differentials (AT) calculated from equation (6.17) are 
196 °C for the thick ply (figure 6.11a) and 312 °C (figure 6.11b) for the thinner 
plies.
The above calculations suggest that the first cracking event due to thermal shock 
of cross-ply Nicalon reinforced CAS would be observed as perpendicular cracks 
in the thick, central transverse ply. This would be followed by similarly oriented 
cracks in the thinner transverse plies, then cracks parallel to the fibre direction in 
the thick transverse ply would be introduced and finally, matrix cracks would occur 
in the longitudinal plies. As indicated in figure 6.12, this was not the observed
by:
(6.17)
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sequence for moderate thermal shocks (AT = 400 °C), since the latter two 
features were visible but the cracks which crossed the longitudinal plies were 
apparently arrested in the transverse plies.
One possible contributaiy reason may be that the approach by Beyerle et al is 
unsatisfactory since the residual thermal stresses due to the mismatch in the 
coefficients of thermal expansion between matrix and fibres within the transverse 
plies have not been taken into account. This residual stress in the matrix was 
identified in Chapter 5 as being approximately 70 MPa (tensile) at room 
temperature and is in addition to the 23 MPa in-ply stress quoted by Beyerle et 
al. The total residual stress in the matrix of the transverse plies, therefore, 
becomes 93 MPa at room temperature. If a similar procedure to that given above 
is followed for calculating cracking thresholds then the critical temperature 
differentials for the thick and thin transverse plies becomes 252 and 398 °C 
respectively (figure 6.13). Although these temperature differentials have 
increased, tunnelling cracks are still predicted to appear first which, as discussed 
above, is not consistent with the observed behaviour. Since the tunnelling model 
is a lower bound it assumes implicitly that the transverse ply contains large flaws, 
consequently, it is likely to underestimate the temperature differentials seen in 
practice - particularly, as the thick central ply is not subjected to the full thermal 
shock. Also, the lack of tunnelling cracks may be due to the relief of residual 
stresses in these plies associated with the formation of cracks parallel to the ply 
direction (see § 4.4). Therefore, further analysis of the stress distribution with 
temperature will be required to determine if the stress reduction is sufficient to 
prevent the formation of cracks at these temperatures.
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6.5 CONCLUDING REMARKS
The ability to predict the maximum temperature differential to which materials 
may be subjected without the growth of cracks is clearly important. For the 
unidirectional Nicalon/CAS composite the model of Aveston et al (1971) was 
combined with a simple relationship between stress and temperature (Buessem, 
1955) in order to determine the maximum severity of thermal shock before matrix 
cracking occurred. Difficulties were encountered, however, in determining the 
interfacial shear stress and the matrix fracture energy, hence, it was suggested that 
more accurate determination of the parameters in the model would be necessary 
before the value of this approach to thermal shock induced matrix cracking may 
be fully assessed. Also it is not known whether it is appropriate to assume that 
the material contains the large flaws required for the ACK model to be applied.
Calculations, using the same model to determine the critical temperature 
differential for matrix cracking in the longitudinal plies of the [0/90]3s cross-ply 
laminate, predicted a temperature differential that was 80 °C higher than the 
observed experimental value of 400 °C. Similar difficulties in measuring the 
material parameters, coupled with the high sensitivity of the model to small 
variations in stress, were proposed as contributary factors leading to the over­
estimation of thermal crack resistance of the cross-ply composite. The thermal 
shock cracking threshold was shown, however, to be consistent with that under 
mechanical loading.
An approach based on the tunnelling crack model of Beyerle et al (1992) was 
used to predict critical temperature differentials in the tranverse plies of the cross-
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ply composite. Results indicated that these plies should exhibit perpendicular 
cracking features at temperature differentials below, or similar to, those necessary 
for crack initiation in the 0° plies (i.e. below AT = 400 °C). This was not the 
observed cracking sequence, however, but it was noted that the tunnelling crack 
model is a lower bound and probably underestimates the critical temperature 
differential for matrix cracking in the transverse plies.
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Table 6.1 Summary of values of interfacial shear stress in Nicalon/CAS
Technique t (MPa)
Indentation 10-19
Bundle push-out 14- 19
Matrix cracking stress 10- 15
Saturation crack spacing 9
Mean fibre pull-out length 10 - 15
Composite stress-strain behaviour 8 - 9
Frictional heating 3.5-5
Single fibre push-out 8.2 - 11.1
After Lara-Curzio and Ferber (1994)
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Table 6.2 Values of crack spacings and interfacial shear stress of samples of 
thermally shocked unidirectional Nicalon/CAS from three-point flexure testing.
Temperature 
AT (°C)
Thermal
treatment
Crack 
spacing 
Sf (mm)
Matrix 
cracking stress 
omu (MPa)
Interfacial 
shear stress 
t (MPa)
Room As-received 0.11 272 24.0
300 6 x lhr 
quench
0.12 253 20.4
400 6 x lhr 
quench
0.12 223 18.1
500 6x lhr 
quench
0.14 190 13.2
1 x 6hr 
quench
0.12 243 19.8
650 6 x lhr 
quench
0.17 163 9.3
1 x 6hr 
quench
0.13 224 16.7
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Table 6.3 Fracture energy of monolithic CAS using a 2 kgf Vickers indenter
Load / 
W 
(N)
Flexure 
strength / 
ot (MPa)
Indenter 
diagonal / 
2a (pm)
Hardness/
H
(GPa)
Stress 
intensity / Kc 
(MPa mVa)
Fracture 
energy / F 
(J m'2)
56 155 66 9.0 2.3 56.5
' 72 126 72 7.6 2.0 41.2
78 135 74 7.2 2.1 45.9
72 131 66 9.0 2.1 43.8
77 141 70 8.0 2.2 49.0
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I
Distance from crack
Figure 6.1 Schematic representation of a single matrix crack in a unidirectional 
continuous fibre reinforced brittle matrix composite. [After Davidge 1979.]
1
frocH
■mu
•mu/2
(a)
O
(b)
Figure 6.2 Strain profile in fibres and matrix of a cracked unidirectional 
laminate for a crack spacing of a) 2x' and b) x'. [After Aveston et al 1971.]
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Figure 63 Photomicrograph of matrix crack spacing on tensile surface of 
unidirectional reinforced Nicalon/CAS after three-point bend testing.
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Vickers indenter
2c
Figure 6.4 Schematic representation of a Vickers indentation in 
monolithic CAS.
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Figure 6.5 a) Photomicrograph showing radial cracks and b) confocal laser 
scanning colour overlays showing no sub-surface damage produced by 2 kgf 
Vickers indentation in monolithic CAS.
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Interfacial shear stress / MPa
Note: The experimental value refers to a combination of the interfacial 
shear stress (15 MPa) and the experimentally observed matrix cracking 
temperature.
Figure 6.6 The relationship between interfacial shear stress and fracture 
energy for matrix cracking in unidirectional Nicalon/ CAS over a range of 
temperature differentials.
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Figure 6.7 Confocal laser scanning colour overlays of lkgf Vickers indentation 
in monolithic CAS showing that no cracking had occurred.
Figure 6.8 Confocal laser scanning colour overlays of lkgf Vickers indentation 
in Nicalon/ CAS showing a crack emanating from the indentation imprint.
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Matrix fracture energy / J m-2
Figure 6.9 Stress intensity factors and matrix fracture energies of CAS 
obtained by different researchers, where the ACK value is the predicted value 
of fracture energy for the matrix of Nicalon/CAS and assumes an interfacial 
shear stress of 15 MPa.
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200 600 1000 
Temperature differential (deg C)
Matrix cracking strength of unidirectional laminate 
(from tensile tests in literature)
Matrix cracking strength of 0° ply in cross-ply laminate 
(from Chapter 5, flexure results)
Figure 6.10 Predicted temperature differentials for the onset of matrix 
cracking in the longitudinal plies of [0/90]3s Nicalon/CAS.
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Figure 6.11 Predicted temperature differential for the onset of matrix cracking 
in a) thick and b) thin transverse plies of [0/90]3s Nicalon/CAS assuming a 
residual matrix stress of 23 MPa.
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(a)
(b)
F igu re 6.12 Photom icrographs o f  cracking in [0/90]3s a fter therm al shock
w ith A T  =  400 °C  showing a )crack in central ply paralle l to fib re direction and
b ) cracks crossing the 0° plies but arrested in the 90°plies.
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Temperature differential (deg C) (a)
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Figure 6.13 Predicted temperature differential for the onset of matrix cracking 
in a) thick and b) thin transverse plies of [0/90]3s Nicalon/CAS assuming a 
residual matrix stress of 93 MPa.
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C h a p t e r  7
Concluding Remarks
7.1 SUMMARY OF RESULTS
The responses of the materials, monolithic CAS and laminates of Nicalon/CAS, 
to thermal treatments were observed using microscopy techniques, and mechanical 
properties were determined from three-point bend tests. From this approach it 
was possible to observe changes that occurred on a macroscopic scale e.g. cracking 
sequence, then to relate these changes to retained physical properties. It was 
found that results obtained from the three-point bend test method were useful for 
semi-quantitative comparative purposes but were difficult to interpret in detail due 
to the non-uniform stress distribution in the flexure samples compared to that in 
tensile test coupons. (It was not possible to undertake tensile tests due to the 
limited supply of material available.) Results from these investigations were then 
used to consider effects of thermal treatments on the microstructure of the 
Nicalon/CAS composite.
It was demonstrated that monolithic CAS remained chemically stable after 
exposure to elevated temperatures up to 750 °C but was susceptible to cracking 
if subjected to thermal shocks with temperature differentials above 360 °C. This 
latter feature, and the catastrophic mode of failure exhibited by monolithic 
ceramics, renders this material unsuitable for applications in which rapid thermal 
cycling may be encountered.
Incorporation  o f  tows o f  continuous silicon carbide fibres in to the m onolith  to
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produce unidirectional laminates permitted only a small (*10%) increase in 
thermal shock temperature before the introduction of surface cracks. As the 
temperature differential was raised, the dominant crack in the end face penetrated 
further into the composite and the density of matrix cracks perpendicular to the 
fibre direction increased. It was suggested, however, that cracks in the end face 
may not be significant since, even at temperature differentials of 800 °C, these 
cracks only penetrated a maximum of approximately 5 mm into the sample, 
irrespective of sample dimensions, and in many applications these end faces may 
not be present or may be protected from the full thermal shock.
The sequence of crack formation in the matrix was seen to be related to 
temperature, with the greatest crack density being observed at intermediate 
temperature differentials (AT = 550 - 750 °C) and fibre fracture occurring only 
at temperatures above this level. This effect was in accordance with changes to 
the interphase that are expected to occur in this type of composite, namely an 
initial weakening, followed by strengthening and a commensurate reversion of the 
composite towards brittle behaviour.
Cross-ply configurations of this composite system exhibited similar cracking 
phenomena to that seen in the unidirectional material in that thermal shock 
induced cracking occurred first in the central transverse ply, parallel to the 0° fibre 
direction, followed by matrix cracking in the 0° plies. This was not the anticipated 
sequence since residual stresses between and within the plies were expected to 
provide an additional driving force for tunnelling cracks in the transverse plies (as 
is the case under quasi-static tensile loading). This result implied that through­
thickness stresses dominated the thermal shock process.
210
Chapter 7: Concluding Remarks
Whilst these observational studies provide an insight into the changes induced into 
Nicalon/CAS composites by thermal treatments the effect on residual mechanical 
properties was considered to be of paramount importance.
The effect of reinforcing the CAS material with continuous silicon carbide fibres 
to form a unidirectional laminate actually reduced the level of applied stress at 
which the first cracks appeared. This is due to the residual thermal stresses 
frozen into the composite during the fabrication process due to the mismatch in 
thermal expansion coefficients between the fibres and matrix. The composite did 
not fail catastrophically, however, but was able to support a maximum stress in the 
fibre direction three times greater than in the monolithic material, before failing 
in a graceful manner. Although matrix cracks from a single thermal shock were 
visible at a temperature differential of 400 °C, three-point flexure testing was 
unable to detect deterioration in mechanical performance until a temperature 
differential of at least 500 °C was reached. Above this temperature, changes to 
the stress levels associated with the onset of non-linear behaviour were observed. 
These variations were attributed to modifications to the interphase caused by 
thermal ageing and the increased severity of thermal shock. It was noted, also, 
that multiple thermal shocks exacerbated the problems, probably by allowing an 
accelerated rate of ingress of oxygen into the composite via matrix cracks. The 
recovery in mechanical properties exhibited by the unidirectional laminate at the 
highest temperature differentials used in this study (AT = 800 °C) was associated 
with a possible change to the interphase and a consequent reversion towards a 
brittle mode of failure.
T h e  m echanical properties o f  therm ally shocked [0/90]3s con figured N ica lon/CAS
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composites followed a similar trend to that displayed by the unidirectional 
material. In contrast to the unidirectional composite, however, the cross-ply 
material exhibited a pronounced reduction in Young’s modulus after being 
subjected to low temperature multiple shocks. It was suggested that this effect 
may be due to an increase in the number or size of inherent flaws caused by 
increased difficulties encountered in processing the more complex composite.
The onset of non-linear behaviour in the cross-ply was found, as expected, to be 
at a much lower stress than for the unidirectional material although it was higher 
than that reported by other research groups. The high value was attributed, 
partially, to the application of bending loads (as opposed to pure tensile loads) 
leading to a non-linear distribution of stresses throughout the composite beam. 
Minimal changes to the applied stress levels at the onset of non-linear behaviour 
following thermal shock were consistent with the observed cracking pattern in 
which the surface plies of the composite appeared undamaged.
The flexure strength of the cross-ply composite was calculated to be approximately 
half that obtained for the unidirectional material, and it was suggested that this 
value was consistent with the fibres in the transverse plies being unable to support 
applied loads.
The incorporation of thermally applied stresses, calculated using a simple thermal 
shock formula, and residual stresses, obtained by applying the model of Powell et 
al. (1993a), into a modified version of the classic model of Aveston et al. (for 
predicting the onset of matrix cracking in fibre-reinforced brittle matrix 
composites) enabled a critical temperature differential of 400 °C to be calculated
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for the onset of matrix cracking in the unidirectional laminate, (as had been 
observed experimentally). Although difficulties were encountered in determining 
values for some of the key variables used in this model, e.g. the stress reduction 
factor, interfacial shear stress and matrix fracture energy, the model clearly 
demonstrated the inter-dependence between these parameters and the resistance 
to thermal shock induced matrix cracking.
A  similar approach was followed for determining the cracking thresholds in the 
[0/90]3s cross-ply composite. ACK is still appropriate for longitudinal plies within 
a cross-ply composite and calculations using the matrix cracking data from the 
unidirectional composite, with the revised residual stress values from the cross-ply 
material, over-estimated the matrix cracking threshold by 80 °C compared to the 
experimentally determined value of 400 °C. However, by using 0° ply data derived 
from flexure tests of the cross-ply laminate in the model a critical temperature 
differential of 410 °C was obtained.
An approach to calculating cracking thresholds in the transverse plies, based on 
the tunnelling crack method of Beyerle et al, under-estimated the observed critical 
temperature differentials for the initiation of perpendicular cracks. It was 
conjectured that either the stress field may have been modified by the presence 
of cracks perpendicular to the tunnelling crack direction or, since the model is a 
lower bound value, it assumes large flaws are present in the material and such 
flaws may not exist.
213
Chapter 7: Concluding Remarks
7.2 CONCLUSIONS
The aim of the project was to increase the understanding of the effects of thermal 
treatments, particularly thermal shock, on fibre-reinforced ceramic matrix 
composites. From section 7.1 it can be seen that progress was made in a number 
of areas. It can be concluded that :
•  The composites respond to thermal shock in a different manner to the 
monolithic CAS material, i.e. the composites exhibit toughness that is 
lacking in the monolithic material.
•  In unidirectional material two types of cracking are seen to occur, a 
single crack on each of the end faces of the sample and multiple 
cracking perpendicular to the fibre direction of a similar nature to that 
seen under quasi-static tensile loading. The thermal shock crack density 
data have been correlated with those seen under tensile loading by a 
simple estimate of the thermal shock stress, modified by a stress 
reduction factor.
•  In cross-ply material cracking is seen first in the central transverse ply, 
but is parallel, not perpendicular to the fibre direction of the 
longitudinal plies, as is observed under quasi-static tensile loading. This 
is followed by multiple cracking in the longitudinal plies, similar to that 
observed in the unidirectional material.
•  Flexure testing is a successful means of studying the effect of thermal 
shock on mechanical properties and is able to rank the effect of severity 
of thermal shock on retained properties, although absolute stress values 
are difficult to determine.
•  A  modified version of the ACK model is applicable to the determination
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of temperature differential for onset of matrix cracking in the 
unidirectional composite, providing values of some key parameters have 
been determined independently.
•  By incorporation of in-situ data from flexure tests the ACK model is 
able to predict the temperature differential for the onset of matrix 
cracking in the longitudinal plies of the cross-ply composite.
•  The tunnelling crack model is not suitable for predicting thermal shock 
effects in cross-ply laminates since the cracking sequence on which this 
model is based is not observed in flexure tests. This may be due partly 
to the different sequence of damage under thermal shock compared to 
mechanical loading and also because the damage seen in flexure was 
different from that reported in the literature for tensile loading.
7.3 SUGGESTIONS FOR FUTURE WORK
7.3.1 INTRODUCTION
This project has highlighted some important effects of thermal treatments on 
composites from the Nicalon/CAS system, however, several areas have been 
identified for further study, and these are outlined below.
7.3.2 STRESS REDUCTION FACTOR
The determination of a value for the stress reduction factor has been essential in 
determining the stresses associated with thermal shock. Values in this study have 
been chosen to match simply estimated thermal shock stresses with those applied 
by mechanical loading in generating similar cracking phenomena. It would be 
beneficial to obtain independent values for the Biot modulus for various
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sample/thermal shock combinations, for example, by measuring thermal 
conductivity at elevated temperatures, thus enabling the thermal stresses 
generated during the thermal shock process to be be determined more accurately.
7.3.3 FLEXURE TESTING
One of the main limitations to the use of flexure tests on this composite system 
is the determination of the level of applied stress in relation to the uniaxially 
applied stress required to produce similar features once the sample has cracked. 
It is suggested, therefore, that an experimental programme should be 
implemented to compare data produced from flexure tests with that from tensile 
tests. This study would include both as-received and thermally shocked samples 
of unidirectional and cross-ply laminates.
More detailed experimental examination should also be performed on the 
cracking sequence itself, especially in the cross-ply laminate. Reports in the 
literature on tensile testing of samples from this composite system suggests that 
matrix cracking occurs preferentially in the transverse plies. Despite this 
observation, and apparent confirmation by stress analysis, this study found that the 
outermost longitudinal plies (or at least the ply interfaces) are the preferred sites 
for crack initiation in samples subjected to flexure loading.
7.3.4 PENETRATION OF THERMAL AGEING EFFECTS
The duration of exposure to elevated temperatures clearly affects the depth to 
which environmentally related changes may penetrate into these composites. It 
would be advantageous, therefore, to investigate the relationship between time, 
temperature and depth to which the effects penetrate into the samples. It may
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then be possible to implement a thermal regime that would limit the degradation 
of the bulk of the material.
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